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The dissertation describes research work on development of bimetallic
heterogeneous catalysts for oxidation of organic compounds. Binuclear metal complexes
are an interesting class of compounds due to their catalytic activity. The approach
involves anchoring a triketone ligand to Cab-O-Sil via a linker. Specifically, silica gel
was allowed to react with p-chloromethylphenyltrimethoxysilane followed by coupling
with deprotonated triketone compounds. The viability of this approach was verified by
performing the benzylation reaction of triketones with benzyl halides under basic
conditions. The benzylation of 2,4,6-heptanetrione and 1,5-diphenyl-1,3,5-pentanetrione
is achieved with benzyl bromide using n-tetrabutylammonium fluoride as base. These
benzylation reaction conditions were used to attach the triketones to the surface-attached
linker. Once the ligand is attached to the silica gel, the catalyst is formed by coordinating
two copper(II) ions from solution to the deprotonated triketone. The coordination of
copper(II) ions to the triketone was monitored using UV-vis spectroscopy. The modified
silica gel is characterized by diffuse reflectance infrared Fourier spectroscopy (DRIFTS),

and thermal gravimetric analysis (TGA) at the different stages of catalyst formation. All
techniques indicated significant attachment of linker and triketone to the support. The
oxidation of 3,5-di-tert-butyl catechol (DTBC) and benzyl alcohol was carried out under
aerobic conditions using these catalysts. The kinetics of the DTBC oxidation and benzyl
alcohol oxidation was studied using bimetallic and monometallic catalytic systems. The
copper complexes of the triketone ligands were also evaluated as catalysts for the
oxidation of DTBC. New bimetallic metal complexes with triketone ligands having a
benzyl group were synthesized and characterized by high resolution mass spectroscopy
and IR spectroscopy. In addition to a detailed description of the synthesis and
characterization of new triketone compounds, and the heterogeneous catalyst systems, a
comparison of the kinetics of the oxidation of DTBC using these catalysts will be
discussed.
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INTRODUCTION

1.1

Goal
β,δ-Triketonates are a versatile class of ligands known to coordinate two metals

forming bimetallic complexes (Figure 1.1).1, 2 These bimetallic complexes have the
metals in close proximity which may be crucial in catalysis.1, 3-8 The specific ligands used
in this research are 2,4,6-heptanetrionate (daa) and 1,5-diphenyl-1,3,5-pentanetrionate
(dba).

Figure 1.1

M2(triketonate) complexes

M2(daa): R = Me
M2(dba): R = Ph
The main focus of this project is to attach bimetallic copper(II) complexes to a
silica surface via a linker to develop heterogeneous unsaturated bimetallic catalysts for
oxidation reactions (Figure 1.2). Once immobilized on silica surfaces, these complexes
may have many advantages over homogeneous system, when used as catalysts. Since
these complexes have two metals in close proximity, the cooperative nature of these
1

centers may enhance the catalytic activity. Also, because the complexes are attached to a
surface, the metal centers could have vacant coordination sites making them more
reactive than completely coordinated homogeneous catalysts.9
Since the linker used to modify the silica surface in this work has a benzyl group
as site for attachment, it is important to study the benzylation reaction of triketones.
Therefore, benzylation reactions of the two triketones will also be reported. This work
helped to identify suitable reaction conditions for benzylation reactions and offered
spectroscopic evidence for the benzylated products. Once suitable reaction conditions
were achieved for the homogeneous benzylation reactions, these conditions were used to
attach triketones to silica surfaces via the linker. These modified silica surfaces were
characterized using thermal gravimetric analysis (TGA) and diffuse refluctance infrared
Fourier transform spectroscopy (DRIFTS). The effectiveness of these catalysts for
catalyzing oxidation reactions under air and oxygen will also be described. The catalytic
activity was evaluated by monitoring the oxidation of 3,5-di-tert-butylcatechol (3,5DTBC) to 3,5-di-tert-butylquinone (3,5-DTBQ) and benzyl alcohol to benzaldehyde.
Kinetics of these oxidation reactions will also be discussed.

Figure 1.2

Approach of preparing bimetallic copper catalysts attached to silica surface
2

1.2
1.2.1

Catalysts
Homogeneous versus heterogeneous catalysts
At present, 95% of chemicals being produced require at least one catalytic cycle.10

This demonstrates the importance of catalysis in the chemical industry. Catalysts can be
divided into two classes: homogeneous and heterogeneous catalysts. This distinction is
related to the fact that the catalyst can operate in the same phase (homogenous) as the
reactants or in different phases (heterogeneous).10 A large number of homogeneous
catalysts are known including metal complexes, metal ions, organometallic compounds,
organic molecules and biocatalysts. However, homogeneous catalysts have limited
industrial applications due to costly catalyst separation and recovery.
Heterogenization of homogeneous catalysts is a rapidly expanding research area
due to various advantages it offers.11 Heterogeneous catalysts are easy to handle, can be
separated from products easily, and reused, which results in lower operating costs.
1.2.2

Bimetallic oxidation catalysts
Metalloenzymes, which have polynuclear transition metal complexes embedded

in the active sites are natural catalysts for redox chemistry.10, 12-15 Many of nature’s redox
catalysts are comprised of polynuclear iron, copper, nickel, cobalt and manganese sites,
which collectively achieve a remarkable set of redox reactions.12 One such example is the
selective hydroxylation of methane to methanol performed by a binuclear iron site in
methane monooxygenase. Although many of the highly efficient catalysts in nature are
based on polynuclear active sites, historically chemists have primarily focused on
mononuclear catalytic systems.16 Recently, a significant amount of catalytic research has
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focused on bimetallic catalyst systems based on the hypothesis that metal-metal redox
synergy can provide lower activation energy pathways for organic reactions.12, 17, 18
A dinuclear copper active site is a common bimetallic system found in various
enzymes.12 For example, catechol oxidase functions to oxidize catechols to quinones.19, 20
The distance between the two copper atoms is found to be 2.5 Å in the dicupric Cu(II)Cu(II) form of these catechol oxidase enzyme, which is close to the distance between the
two copper atoms in the bimetallic copper complexes used in the research project that is
subject of this dissertation.12, 16,20 Another enzyme that is closely related to catechol
oxidase is tyrosinase which uses oxygen in the hydroxylation of phenols to catechols and
further oxidation of catechols to quinones.12
Several non-enzymatic dicopper catalysts systems have also been developed in
recent years. Two examples of these bimetallic complexes are shown below (Figure 1.3).
Most of these bimetallic complexes have higher catalytic activities than similar
monometallic complexes due to the interaction between the two metal centers and the
interaction of dicopper complexes with O2 to form peroxo species.1, 11, 21 The catalytic
activity associated with some of the bimetallic catalysts will be discussed in the 3,5DTBC oxidation section in this chapter.
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Figure 1.3

1.3
1.3.1

Examples of bimetallic copper catalysts

Dicopper(II) triketonate complexes and ligand precursors
2,4,6-Heptanetrione and 1,5-diphenyl-1,3,5-pentanetrione
β,δ-Triketone compounds are higher analogues of β-diketone compounds. These

triketones can form several tautomers.22 Triketones can have triketo, monoenol, or
bisenol forms. The tautomerism of these compounds has been extensively studied using
NMR in a variety of solvents. For example, at 36°C in CDCl3, 73% of H2daa was in the
monoenol form, 21% in the bisenol form and 6% in triketo form (Figure 1.4).22
Tautomeric ratios for H2daa in CDCl3 at different temperatures are given in Table 1.2.

Figure 1.4

Tautomerism in H2daa
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Table 1.1

Tautomeric ratios for H2daa in CDCl3 at different temperatures

Temp.(°C)

Monoenol (%)

Bisenol (%)

Triketo (%)

48

74

17

9

36

73

21

6

5

68

27

5

-41

68

25

5

The IR spectrum of H2daa in the solid phase contains a broad band from 3400 to
2200 cm-1, combined with a broad absorption band at 1650 cm-1.22 This indicates the
presence of cyclic intramolecular hydrogen bonding of the monoenol form or the bisenol
form of H2daa tautomers in solid phase. However, there is no spectral evidence to
distinguish which of the three carbonyl groups are protonated in the enol forms of
H2daa.22
Care must be taken when performing reactions with these triketone compounds
because they may react to give undesired side products. For example, H2daa is known to
undergo intramolecular and intermolecular cyclization in the presence of base to give 2,6dimethyl-4-pyrone and 2-acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene (Equations 1.1
and 1.2).

(1.1)
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O
O

O

O

OH

OH

piperidine

(1.2)
The other triketone compound used in this work is 1,5-diphenyl-1,3,5pentanetrione (H2dba), which is synthesized efficiently from aroylation of acetone with
methyl benzoate in the presence of sodium hydride.23 H2dba also shows tautomerism in
CDCl3 at room temperature. The majority of the compound is in the monoenol and
bisenol forms. In the solid state crystal structure reported in 1987, the compound is in the
bisenol form. Intramolecular hydrogen bonding is observed between the central ketone
oxygen atom and the hydrogens of the enol groups.24 The H2dba ligand is also known to
undergo intramolecular cyclization in the presence of a base to give 2,6-diaryl-4-pyrone
compounds (Equation 1.3).25

Figure 1.5

Bisenol form of H2dba.

(1.3)
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1.3.2

Copper complexes of triketonate ligands
The β,δ-triketone compounds are known to form bimetallic or monometallic

complexes.3, 26 For example, triketones such as H2daa can form monometallic
[Cu(Hdaa)2] or bimetallic [Cu2(daa)2] copper complexes as shown in Figure 1.6.26, 27
The mononuclear Cu(Hdaa)2 complex is not stable at elevated temperatures and converts
into the binuclear Cu2(daa)2 complex with release of H2daa.26 Specifically, Cu(Hdaa)2
will convert to Cu2(daa)2 above 0° C in methanol.

Figure 1.6

1.4

Mononuclear and binuclear copper complexes of triketones ligands.

Support on silica
One of the most used materials for supporting catalytic systems is silica, which is

a highly porous material.11, 28 Silica has many advantages when used as a supporting
material. Silica gel is a well characterized, readily available, and inexpensive solid
support that can be surface-modified easily. The attachment of organic functional groups
on silica has increased during the past three decades due to the distinct advantages it
possesses.28 For example, the ease of modification of silica surfaces, high thermal
resistance, great resistance to organic solvents, and various number of silylating agents
8

available for the functionalization make silica an attractive solid support.29-32 Cab-O-Sil
is used as the silica source in this research because it has an extremely small particle size,
a known surface area, low porosity, and is of high purity. Cab-O-Sil M-5 grade silica
used in this project is reported to have a surface area of 200 m2/g.33
1.4.1

Silane coupling agents
Silane coupling agents have the general structure as shown in Figure 1.7. These

silane coupling agents are used to form a durable bond between silica and organic
materials.34 As shown in the general formula, silane coupling agents have two types of
functionality. Hydrolyzable groups (X) are typically halogen, amine, alkoxy, or acyloxy
groups. These hydrolyzable groups can condense with silanol groups to form siloxane
linkages.34 The organofunctional group can be used to perform organic reactions. The
silane coupling agent p-chloromethylphenyltrimethoxysilane (linker) will be used to
modify the Cab-O-Sil surface in this research.

Figure 1.7

1.4.2

Silane coupling agents

Modification of Cab-O-Sil surfaces
A widely used method to functionalize silica is attaching p-

chloromethylphenyltrimethoxysilane to the hydroxyl groups on silica surfaces. In 1982,
9

Kendall et. al. studied the immobilization of β-diketone to silica surfaces.35 After
immobilization of p-chloromethyphenyltrimethoxysilane on the silica surface, a mixture
of 2,4-pentanedione and the modified silica were allowed to react in the presence of
K2CO3 in acetone. K2CO3 is used as the base to deprotonate the 2,4-pentanedione. The
enolate will then react with the benzyl group on the silica surface (Equation 1.4).

(1.4)
These modified silica surfaces were characterized using IR spectroscopy. The
immobilized 3-benzyl-2,4-pentanedione has IR peaks at 1701 cm-1 and 1600 cm-1 for
carbonyl and aromatic C=C stretching. It was reported that upon immobilization of the
diketone on the silica surface that it is largely in the keto form. After attaching the 2,4,pentanedione to the silica surfaces, Cu2+ ions were coordinated to the diketone (equation
1.5). It was observed that the IR spectra of the β-diketonate complexes are different from
those of the uncomplexed ligand. The coordination of metals to the 2,4-pentanedione can
be monitored because the carbonyl stretching bands of the uncoordinated ligand
disappears in the IR spectrum. New IR bands in the region from 1500 to 1600 cm-1
appear and are quite intense when the metals are coordinated to the diketone. For
example, most metal diketonate complexes have intense bands around 1580 cm-1 and
10

1520 cm-1 and variation of metals does not significantly affect the CO stretching
frequency.

(1.5)
1.5

Benzylation reactions of triketone compounds
Benzylation of H2daa and H2dba (Equation 1.6) is an important reaction in this

work because it is the method for attachment of the triketone to the silica surface. Since
no reports of benzylation of H2daa and H2dba were found, techniques for the benzylation
of 1,3-dicarbonyl compounds (Equation 1.7) were considered.36, 37

(1.6)
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(1.7)
Generally these benzylation reactions are performed using equimolar amounts of
base or Lewis acid.36, 38 However in addition to the benzyl products, undesired side
products (aldol type reaction between two diketone molecules) also may be obtained. In
2007, the efficient bismuth-catalyzed benzylation reaction of 2,4–pentanediones was
reported.39 For this reaction Bi(OTf)3, BiCl3, and BiBr3 were shown to catalyze the
benzylation of 2,4-pentanedione using benzyl alcohol. The fact that bismuth salts are
compatible with air and moisture make them attractive catalysts for these reactions.40
Another method for benzylation of 2,4–pentanedione was developed in 1999.37
This reaction is done by deprotonating the diketone using n-tetrabutylammonium
fluoride. Mild reaction conditions and the efficiency of this method make this reaction
attractive as no inert atmosphere or anhydrous conditions are required. Because no
reports on benzylation of triketones have appeared, it was necessary to determine which
type of base and reaction conditions are suitable for this reaction.
1.6

Oxidation reactions
Organic oxidation reactions are important reactions in synthetic chemistry and

also for industrial process.9, 41, 42 Many oxidants are based on toxic metals such as
chromium, which are environmentally incompatible and require costly and toxic solvents.
It will be advantageous in many ways if the cheap and innocuous oxidant molecular
oxygen can be used.43 The four electron reduction of oxygen (equation 1.8) is
12

thermodynamically favorable as the free energy change is negative by 316 kJ/mol at pH
7.16
O2+ 4 H++ 4 e- = 2 H2O (E° = 0.815 V)

(1.8)

Although dioxygen has the potential to be a good oxidant, it is rather inert
towards organic molecules due to the spin conservation rule.44 The electronic
configuration of the organic molecules (a singlet ground state) has to match the electronic
configuration of dioxygen (a triplet in ground state) in order for dioxygen molecules to
efficiently react with organic molecules. But this barrier could be overcome using
transition metals to mediate these reactions.44
An oxidation catalyst has two requirements. It must be able to perform an organic
oxidation reaction and secondly it must have the ability to be reoxidized to its original
state as shown below (Equation 1.9).9, 45
(

(1.9)
Copper, which is used as the metal in this research project, is both air oxidizable
and found in biological dioxygen metabolism.11, 12 Oxidation of 3,5-di-tert-butylcatechol
(3,5-DTBC) has been reported as a model reaction to study the effectiveness of many
copper oxidation catalysts, which will be discussed in the next section of this chapter.46-51
1.6.1

3,5-Di-tert-butylcatechol oxidation by bimetallic complexes
In 1995, a heterogeneous bimetallic oxidation catalyst system was prepared by

attaching diketonate and triketonate ligands to a polymer (Figure 1.8).1 These ligands will
coordinate to one or two metal ions through their carbonyl ligands. Apart from these
13

5)

catalysts being heterogeneous, they are also proposed to have a vacant coordination site.
Therefore these catalysts supported on a polymer were expected to be more reactive than
a completely coordinated catalytic system, where metals are strongly coordinated to all
the ligands in the complex.

Figure 1.8

Bimetalic and monometallic catalyst systems attached to the polymer.

The oxidation of 3,5-di-tert-butylcatechol was selected for the polymer-bound
metal catalytic studies. This 3,5-di-tert-butylcatechol substrate is studied in many
oxidation studies because the t-butyl groups prevent polymerization of the orthobenzoquinone.52 The oxidation of 3,5-DTBC to 3,5-DTBQ was studied with
monometallic and bimetallic catalysts under oxygen in the study where the catalysts
were supported on a polymer. The rates of the reaction in this work were determined by
measuring oxygen uptake during the reaction. These studies showed higher catalytic
activity for bimetallic catalyst systems than the monometallic ones. The observed rate
constants for copper bimetallic and monometallic system for the oxidation of 3,5-DTBC
are 3.6 x 10-3M-1s-1 and 1.0 x 10-3M-1s-1, respectively.53 It was also observed that
14

bimetallic catalysts of Fe and Cu supported on the polymer caused ring cleavage to give
muconic acid esters as byproducts. The possible ways of complexation of 3,5-DTBC with
monometallic and bimetallic catalyst systems are shown in Figure 1.9. The monometallic
and bimetallic catalysts are expected to form intermediates as shown in equations 1.10
and 1.11 during oxidation of 3,5-DTBC. The products were explained by complexation
of each oxygen in 3,5-DTBC to a metal ion in the catalyst system followed by one
electron being transferred to the metal ion as shown in equation 1.10.1

Figure 1.9

Monometallic and bimetallic complexes of 3,5-DTBC

(1.10)

O

Slow
O
CuII

O
CuII

O
CuI

O
CuI

O

O
II

Cu

CuII

(1.11)

In 2003, Louloudi reported bimetallic copper complexes of Schiff base ligands
immobilized on a silica surface (Figure 1.10). The catalytic activity of Cu2(L1).SiO2 and
15

Cu2(L2).SiO2 were studied using the oxidation of 3,5-DTBC. The oxidation of 3,5-DTBC
was carried out in a methanol solution in the presence of triethylamine base.

Figure 1.10

Supported and non-supported Schiff base ligands used by Louloudi to
make dicopper(II) complexes.11
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The results of this study suggest both homogeneous and heterogeneous systems
effectively catalyze the oxidation of 3,5-DTBC to 3,5-DTBQ. However, these catalytic
reactions depend on the amount of base added. This is explained in the formation of the
dicopper-catechol complex. This complex formation is favored by addition of a base,
which abstracts a proton from the 3,5-DTBC. Further, the results suggest there is not
much difference in the catalytic activity between the homogeneous and heterogeneous
bimetallic systems. Based on the work of this group and previous work,47, 54-57 a catalytic
cycle has been proposed for the oxidation of 3,5-DTBC. This catalytic cycle can be
summarized as the formation of a dinuclear copper(I) complex by oxidizing 3,5-DTBC to
3,5-DTBQ, production of a peroxo species by oxygenation and the formation of a
dinuclear copper (II) complex.
Another interesting type of dinuclear copper(II) complexes with phenoxo and
hydroxo bridges was reported in 2012.58 These complexes are formed by terminal
bidentate alkyl amine coordination with copper(II) ions as shown in Figure 1.11. This
complex was also used to oxidize 3,5-DTBC. The oxidation of 3,5-DTBC yielded 3,5DTBQ successfully and a possible catalytic cycle was proposed. The catalytic cycle
could be summarized as coordination of 3,5-DTBC to dinuclear copper(II) complex,
reduction of dicopper(II) complex (oxidation of 3,5-DTBC), and formation of peroxy
complex (oxidation of dicopper(I) to dicopper(II) ).
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Figure 1.11

1.6.2

Dicopper(II) complexes with bidentate alkylamine terminal coordination

Benzyl alcohol oxidation
The catalytic oxidation of benzyl alcohol into benzaldehyde is another oxidation

reaction used to study the oxidizing ability of catalysts.59 The oxidation of benzyl alcohol
is easily monitored by gas chromatographic analysis.60-66 Generally, stoichiometric
amounts of oxidants having transition metals are used for the oxidation of benzyl
alcohol with high yields and high selectivity.67 However, these metal oxidants generate a
considerable amount of waste which contains metals. Since this is undesirable
environmentally, it would be advantageous to develop a heterogonous catalyst system for
the oxidation of benzyl alcohol using molecular oxygen. Many types of mono- and
dinuclear copper complexes have been prepared which can oxidize benzyl alcohol into
benzaldehyde and a few of them will be discussed here.59, 68
In 2006, Streigler described the aerobic oxidation of benzyl alcohol promoted by
a dinuclear complex (Figure 1.12).59 The oxidation reaction of benzyl alcohol was
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performed using 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) as a cocatalyst and NaOH
under oxygen.

Figure 1.12

Dinuclear copper(II) complex used as catalyst by Streigler.59

Analysis of the products by GC chromatography demonstrated the oxidation of
benzyl alcohol into benzaldehyde with no overoxidation to benzoic acid detected. The
proposed catalytic cycle shows the coordination of both benzyl alcohol and TEMPO to
the dinuclear copper complex followed by a transfer of hydrogen atom from the benzyl
alcohol to the TEMPO. This transfer of hydrogen is followed by the release of
benzaldehyde with the reduction of Cu(II) to Cu(I) and coordination of water to Cu(I).
Also, the reduced TEMPO with a hydrogen from benzyl alcohol can be easily replaced
by another TEMPO radical. The catalytically active species is regenerated by
deprotonation of the coordinated water molecule and by oxidation of Cu(I) to Cu(II) by
another TEMPO radical. Similarly, different types of copper complexes and copper salts
can oxidize benzyl alcohol. Many of the copper complexes and salts perform the
oxidation of benzyl alcohol well in the presence of Cs2CO3.68, 69
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1.7

Goal of the research
Based on the previous success of bimetallic copper catalyst systems, it is the goal

of this research to develop bimetallic a copper catalyst system attached to a silica surface
that will allow for organic oxidation reactions. The metals in these bimetallic complexes
are at a reactive distance which should enhance the catalytic activity of these complexes.
It will be advantageous to use oxygen as the oxidant for these catalytic reactions. The
approach will be to attach ligands capable of binding two metals to the modified silica
surfaces through a linker and coordinate metal ions to the ligand. Benzylation reaction of
H2daa and H2dba with different bases will be studied. These studies will identify the
reaction conditions for attachment of the triketone compounds to the linker modified
silica surface. Finally these catalysts will be used to study organic oxidation reactions
with O2 as the oxidant.
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CHAPTER II
EXPERIMENTAL

2.1
2.1.1

Synthesis and characterization
Chemicals and reagents
Copper (II) acetate monohydrate [Cu(CH3COO)2·H2O] and copper (II)

acetylacetonate [Cu(acac)2] were purchased from Strem Chemicals. Sodium carbonate
(anhydrous) (Na2CO3) and dehydroacetic acid (C8H8O4) were supplied by Fluka
Chemicals. Sodium hydroxide (NaOH), barium hydroxide [Ba(OH)2], sodium hydride
(NaH, 60% in mineral oil), chloroform-d (CDCl3), benzyl bromide (C7H7Br),
tetrabutylammonium fluoride (n-TBAF) as a 1.0 M solution in tetrahydrofuran, 3,5-ditert-butylcatechol (C14H22O2), benzyl alcohol (C7H8O), cesium carbonate (Cs2CO3) and
tetramethylsilane [TMS, Si(CH3)4] were obtained from Sigma-Aldrich. Anhydrous
sodium sulfate (Na2SO4), acetylacetone (C5H8O2), dimethoxyethane (C4H10O2),
dichloromethane (CH2Cl2), methanol (CH3OH), pyridine (C5H5N), chloroform (CHCl3),
ethanol (C2H5OH), acetonitrile (CH3CN), tetrahydrofuran (THF), anhydrous diethyl ether
(C4H10O), hydrochloric acid (HCl), sulfuric acid (H2SO4), acetonitrile (CH3CN), and
toluene (C7H8) were purchased from Fisher Scientific. Benzyl chloride (C7H7Cl) and
Cab-O-Sil (M-5 scintillation grade, surface area of 200 m2/g) were purchased from
ACROS organics. p-chloromethylphenyltrimethoxysilane (C10H15O3SiCl) was purchased
from Gelest, Inc.
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2.1.2

Characterization techniques.

2.1.2.1

Nuclear Magnetic Spectroscopy (NMR)
1

H NMR spectra were obtained on a Bruker Avance III 300 MHz spectrometer.
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C NMR, DEPT 135, HMQC, COSY were recorded on a Bruker Avance III 600 MHz

spectrometer. Chemical shifts are reported relative to internal TMS.
2.1.2.1.1

High Resolution Mass Spectroscopy (HRMS)

Mass spectra were obtained using a Bruker microTOF-QII 1.2 instrument.
Compounds were dissolved in 10.0 mL of acetonitrile solution at an approximate
concentration of 80.0 mmol/L. Electrospray ionization was used to ionize the molecules.
2.1.2.1.2

UV-visible Spectroscopy (UV-vis)

UV-vis spectra were recorded on a UV-2550 UV-vis double beam spectrometer.
The wavelength range was 200-900 nm. All spectra were obtained at room temperature
using quartz cuvettes.
2.1.2.1.3

Infrared Spectroscopy (IR)

Infrared spectra of ligands, and metal complexes were obtained on a Thermo
Nicolet 6700 FT-IR spectrometer using a single-bounce diamond attenuated total
reflectance (ATR) accessory.
2.1.2.1.4

Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS)

Modified Cab-O-Sil surfaces were examined by DRIFTS using Thermo Nicolet
6700 FT-IR spectrometer to characterize the structure of the surfaces. The neat modified
silica surfaces were diluted in KCl Powder (5 wt%) with Cab-O-Sil in KCl (5 wt%) as the
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background. The DRIFTS spectra were obtained using 512 scans and a resolution of 4
cm-1.
2.1.2.1.5

Single Crystal X-Ray Diffraction

Single crystal X-ray diffraction structures were obtained using a Bruker Smart
1000 diffractometer upgraded with an APEX II detector. All data were collected at 100 K
using molybdenum Kα radiation (λ = 0.71073 Å). APEX II software which incorporates
aspects of the SHELX package was used to solve and refine the structures.70
Elemental Analyses: Elemental analyses were performed by Galbraith
Laboratories, Inc. (Knoxville, Tennessee). Modified silica surfaces were analyzed for
copper, carbon and hydrogen content.
2.1.2.1.6

Atomic Absorption Spectroscopy (AAS)

Copper and iron analyses for all modified silica surfaces with metals were
obtained using a Schimadzu AA-7000 series atomic absorption spectrometer. The copper
and iron hollow cathode lamps were used with a 6 mA current and 248.3 nm wavelength
for iron and 324.8 nm for copper. The slit width was set to 0.7 nm and the burner height
to 7 mm. The composition of the flame was acetylene (flow rate of 1.8 L min-1) and air
(flow rate of 1.8 L min-1). Copper stock solution (1000 ppm) was made by dissolving
0.2542 g of copper wires in 2% HNO3 (50.00 mL) and diluting it to 250.00 mL. A
standard series was prepared by making 0.2 ppm, 0.5 ppm, 1 ppm, 2 ppm, and 3 ppm
solutions. A few milligrams of each sample was digested in 10.00 mL of concentrated
HNO3 and concentrated H2SO4 (1:1 mixture) for 24 h and the solution was diluted to
250.0 mL with deionized water.
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2.1.2.1.7

Thermal Gravimetric Analysis (TGA)

Modified and unmodified silica samples were analyzed on a Versa ThermTM TGA
coupled with Nicolet 6700 FT-IR instrument in flowing helium (Nextair LLC, Memphis)
in the Mississippi State Chemical Laboratory by Dr. Jose Rodriguez. The temperature
range of room temperature to 1000°C was analyzed at a rate of 5°C per minute.
2.1.2.1.8

Electron Paramagnetic Resonance Spectroscopy (EPR)

EPR spectra were obtained on a Bruker EMX EPR spectrometer equipped with
100 kHz field modulator. 2,2-Diphenylpicrylhydrazyl (DPPH) was used to calibrate the
instrument.
2.1.3
2.1.3.1

Synthesis of ligands
2,4,6-Heptanetrione (H2daa)22
Dehydroacetic acid (20.0 g, 119 mmol) and HCl (80 ml) were placed in round

bottom flask equipped with a reflux condenser and oil bubbler. The contents of the flask
were refluxed until CO2 evolution ceased. The oil bubbler was used to observe the CO2
evolution. The flask was then allowed to cool to room temperature and further cooled in
an ice bath while adding NaOH pellets (35 g) until the solution was basic. The contents
were transferred to a flask containing a solution of 80.0 g (253 mmol) of Ba(OH)2·8H2O
in 1 L boiling water. The mixture was allowed to cool to room temperature and the
resulting precipitate was filtered. The precipitate was placed in a separatory funnel which
contained (200 mL) of water and (140 mL) of diethyl ether. Concentrated HCl (30 mL)
was added slowly until all solids dissolved and the aqueous layer was acidic. The dark
orange ether layer was separated and dried over anhydrous Mg2SO4 and evaporated to
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dryness under reduced pressure. A dark brown liquid residue was distilled (10 mmHg)
around 94°C to collect 7.6 g of white solid. Yield 45%; IR: 2964 cm-1 (νC-H), 1652 cm-1
(νC=O), 1383 cm-1 (νC-O); 1H NMR (CDCl3, 300 MHz) (Mixture of three tautomers;
A:triketone, B: monoenol, C: bisenol): 1.98 (12H, s, -CH3 tautomer A), 2.09 (12H, s, CH3 tautomer B), 2.25(12H, s, -CH3 tautomer B ), 2.27 (12H, s, -CH3 tautomer C), 3.41
(2H, s, -CH2- tautomer A), 3.71 (2H, s, -CH2- tautomer B), 5.15 (1H, s,-C=CH- tautomer
B), 5.57 (1H, s,-C=CH- tautomer C), 14.17 (1H, s, -OH tautomer B), 15.12 (1H, s, -OH
tautomer C); Calculated exact mass (M+H)+: 143.0708, observed mass (M+H)+:
143.0708.
2.1.3.2

1,5-Diphenyl-1,3,5-pentanetrione (H2dba)23
60 % NaH in mineral oil (12 g, 0.25 mol) and monoglyme (100 mL) were

refluxed in a three neck round bottom flask for 0.5 h under a dry argon atmosphere. A
solution of acetone (3.7 mL, 50 mmol) and methyl benzoate (19.0 mL, 150 mmol) in
monoglyme (100 mL) was added to the above solution. The mixture was refluxed for
another 5 h. The reaction mixture was then stirred under reduced pressure to remove the
solvent. The remaining orange solid was cooled to 0°C in an ice-water bath. Next, diethyl
ether (150 mL) was added to the mixture followed by cold water (100 mL). The mixture
developed a maroon color after adding water to destroy remaining NaH. The water layer
was separated and the ether layer was extracted with two portions (100 mL) of cold water
followed by 1% aqueous sodium hydroxide (100 mL). The extracts were combined and
added to a mixture of 12 N HCl (50 mL) and crushed ice (200 g). The resulting yellow
precipitate was collected. The precipitate was recrystallized using 95% ethanol to obtain
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7.2 g of 1,5-diphenyl-1,3,5-pentanetrione. Yield 54 %; IR: 1588 cm-1 (νC=C), 1374 cm1

(νC-O); 1H NMR (CDCl3, 300 MHz) (Mixtures of two tautomers; A: monoenol, B:

bisenol): 4.14 (2H, s, -CH2- tautomer A), 6.04 (1H, s, -C=CH tautomer B), 6.33 (1H, s, C=CH- tautomer A), 7.27-7.88 (10H, m, H-Ph), 14.79 (1H, s, -OH tautomer B), 15.89
(1H, s, -OH tautomer A); Calculated exact mass (M+H)+: 267.1021, observed mass
(M+H)+: 267.0838.
2.1.3.3

Synthesis of 3-benzyl-2,4,6-heptanetrione (H2bndaa) using benzyl bromide
0.50 g (3.5 mmol) of 2,4,6-hepatanetrione was dissolved in 10.0 mL of THF and

2.0 mL of H2O. 0.40 mL (3.5 mmol) of benzyl bromide was added to the solution
followed by 3.5 mL (3.5 mmol) of 1.0 M n-TBAF in THF. The mixture was stirred
overnight. After removing solvent, 0.25 g of the product was isolated from the crude
mixture by column chromatography using ethyl acetate and hexanes as eluent with silica
gel as stationary phase. Yield: 62%; IR: 3027 cm-1 (νC-H), 1717 cm-1 (νC=O), 1599 cm-1
(νC=C); 1H NMR (CDCl3, 600 MHz): 2.06 (3H, s, -CH3-), 2.19 (3H, s, -CH3-), 3.10 (1H,
dd, -CH2-, J = 7.6 Hz, 6.5 Hz), 3.23 (1H, dd, -CH2-, J = 7.2 Hz, 6.5 Hz), 3.67 (1H, dd, CH-, J = 7.6 Hz, 7.8 Hz), 5.53 (1H, s, -C=CH-), 7.17-7.30 (5H, m, H-Ph.), 15.27 (1H, s, OH); 13C NMR: 24.51 (-CH3), 29.54 (-CH3), 34.42 (-CH2), 65.15 (-CH-), 100.29 (C=CH-), 189.83 (-C-OH), 190.85 (-C=O), 203.53 (-C=O); Calculated exact mass (M-H)-:
231.1021, observed mass (M-H)-: 231.1027.
0.08 g of 2,6-diacetyl-5-(2-propanone)-3-methylphenol (Figure 2.1) was also
separated from a silica gel column using ethyl acetate and hexane as eluents, and crystals
were obtained by slow evaporation of an ethyl acetate solution. The crystallographic data
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are summarized in Table 2.3. Yield 10%; IR: 1593 cm-1 (νC=C), 1709 cm-1 (νC=O), 3027
cm-1 (νC=H); 1H NMR (CDCl3, 300 MHz): 2.25 (3H, s, -CH3), 2.59 (6H, s, -CH3), 2.69
(3H, s, -CH3), 3.84 (2H, s, -CH2-), 6.53 (1H, s, Ph-H), 13.24 (1H, s, -OH).

O

O

O

Figure 2.1

Table 2.1

2,6-Diacetyl-5-(2-propanone)-3-methylphenol

Crystal data and structure refinement for 2,6-diacetyl-5-(2-propanone)-3methylphenol.

Empirical formula

C14H16O4

Color

Colorless

Formula weight

248.27

Density (Mg/m3)

1.293

Crystal system

Orthorhombic

Temperature (K)

100(2)

Space group

P21/n

Wavelength (Å)

0.71073

All data R1, wR2

0.0471, 0.0983

Final indices R1, wR2 0.0371, 0.0929
Unit cell dimensions
a (Å)

8.1960(6)

 (deg)

90

b (Å)

7.7987(6)

 (deg)

95.8990(10)

c (Å)

19.3132(15)

γ (deg)

90

V (Å3)

1227.93(16)

Z

4
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2.1.3.4

Synthesis of H2bndaa using benzyl chloride
0.50 g (3.5 mmol) of 2,4,6-hepanetrione was dissolved in 10.0 mL of THF and 2.0

mL of H2O. 0.41 mL (3.5 mmol) of benzyl chloride was then added to the solution
followed by 3.5 mL (3.5 mmol) of 1.0 M n-TBAF in THF. The mixture was stirred
overnight at 40°C. The solvent was removed under reduced pressure and the crude
mixture was purified using ethyl acetate and hexane as eluent with silica gel as stationary
phase to obtain 0.47 g of the product. Yield: 59%
2.1.3.5

Synthesis of 2-benzyl-1,5-diphenyl-1,3,5-pentanetrione (H2bndba) using
benzyl bromide
0.50 g (1.9 mmol) of 1,5-diphenyl-2,3,5-penatanetrione was dissolved in 10.0 mL

of THF and 2.0 mL of H2O. 0.20 mL (1.9 mmol) of benzyl bromide was then added to
the solution followed by 1.9 mL (1.9 m mol) of 1.0 n-TBAF in THF. The mixture was
stirred overnight and the solvent was removed. The crude mixture was separated using
ethyl acetate and hexane as eluents in a silica gel column to obtain 0.44 g of the product.
Yield: 66%; IR: 3067 cm-1, 3037 cm-1(νC-H), 1680 cm-1(νC=O), 1594 cm-1, 1558 cm-1
(νC=C), 1258 cm-1 (νC-O);1H NMR (CDCl3, 600 MHz) ( Mono enol form): 3.33 (1H, dd, CH2-Ph, J = 7.5 Hz, 6.8 Hz), 3.50 (1H, dd, -CH2-Ph, J = 7.5 Hz, 6.2 Hz), 4.69 (1H, dd, CH-, J = 6.2 Hz, 6.8 Hz), 6.22 (1H, s, -C=CH-), 7.18-7.99 (5H, m, H-Ph), 15.83 (1H, s, OH); 13C NMR (CDCl3, 600 MHz): 36.03 (-CH2-), 61.09 (-CH- ), 95.63 (-C=CH-),
126.65 (Ar C), 127.13 (Ar C), 128.58 (Ar C), 128.67 (Ar C), 128.74 (Ar C), 128.79 (Ar
C), 128.97 (Ar C), 132.67 (Ar C), 132.69 (Ar C), 133.65 (Ar C), 133.90 (Ar C), 136.51
(Ar C), 138.58 (Ar C), 182.20 (C-OH), 193.65 (C=O), 195.39 (C=O); Calculated exact
mass (M-H)-: 355.1334, observed mass: (M-H)-: 355.1379.
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2.1.3.6

Synthesis of H2bndba using benzyl chloride
0.50 g (1.9 mmol) of 1,5-diphenyl-2,3,5-penatanetrione was dissolved in 10.0 mL

of THF and 2.0 mL of H2O. Then 0.22 mL (1.9 mmol) of benzyl chloride was added to
the solution followed by 1.9 mL (1.9 mmol) of 1.0 M n-TBAF in THF. The mixture was
stirred overnight at 40°C and the solvent was removed. The crude mixture was separated
using ethyl acetate and hexane as eluents in a silica column. 0.43 g of the product was
obtained. Yield 63%.
2.1.3.7

Synthesis of 2,4-dibenzyl-1,5-diphenyl-1,3,5-pentanetrione (H2dbndba)
0.50 g (1.9 mmol) of 1,5-diphenyl-2,3,5-penatanetrione was dissolved in 10.0 mL

of THF and 2.0 mL of H2O. 0.50 mL (3.8 mmol) of benzyl bromide was then added to
the solution followed by 3.8 mL (3.8 mmol) of 1.0 M n-TBAF in THF. The mixture was
stirred overnight at 40°C. The solvent was removed and the crude mixture was separated
using ethyl acetate and hexane as eluents in a silica gel column to obtain 0.59 g of the
product. Yield 70%; IR: 3061 cm-1 (νC-H), 2921 cm-1(νC-H), 1720 cm-1 (νC=O), 1674 cm1

(νC=O), 1594 cm-1 (νC=C), 1493 cm-1 (νC=C); 1H NMR (CDCl3, 600 MHz): 3.04 (2H, m, -

CH2- ), 4.82 (1H, dd, -CH-, J = 7.1 Hz, 6.8 Hz), 7.06-7.53 (20H, m, H-Ph); 13C NMR
(CDCl3, 600 MHz): 32.04 (-CH2-), 47.73 (-CH-), 126.26 (Ar C), 128.16 (Ar C), 128.44
(Ar C), 128.45 (Ar C), 13.25 (Ar C), 135.83, 137.47 (Ar C), 137.8 (Ar C), 176.51 (C=O), 195.10 (-C=O); Calculated exact mass (M-H)-: 445.1804, observed mass: (M-H)-:
445.1804.
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2.1.3.8

Synthesis of 3-benzyl-2,4-pentanedione (Hbnacac)37
0.50 mL (4.8 mmol) of 2,4-pentanedione was added to 5.0 mL of THF and 1.0

mL of H2O. 5.0 mL (5.0 mmol) of 1.0 M n-TBAF in THF was then added followed by
0.60 mL (4.8 mmol) of benzyl bromide. The mixture was stirred overnight at room
temperature. Ethyl acetate and hexanes were used as eluents to purify the product on a
silica gel column. 0.78 g of the product was obtained. Yield 86%; IR: 2921 cm-1 (νC-H),
1698 cm-1 (νC=O), 1573 cm-1 (νC=H), 1353 cm-1 (νC-O) ; NMR (CDCl3, 300 MHz): 2.08
(6H, s,-CH3), 2.13 (6H, s, -CH3), 3.15 (2H, s, -CH2-, keto), 3.67 (2H, s, -CH2-, enol),
4.01(1H, t, -CH-, J = 7.7 Hz, keto), 7.14-7.31 (10H, m, H-Ph, keto+enol).
2.1.3.9

Attempted benzylation of 2,4,6-heptanetrione with benzyl alcohol and
Bi(OTf)3
2,4,6-Heptanetrione (0.43 g, 3.0 mmol) and Bi(OTf)3 (6.0 mg, 0.01 mmol) were

added to 10.0 mL of nitromethane and heated to 100°C. 0.30 mL (3.0 mmol) of benzyl
alcohol in 5.0 mL of nitromethane was added over 2.5 h and further refluxed for 1 h. The
solvent was removed under reduced pressure. Crude product was chromatographed on a
silica gel column using ethyl acetate and hexane as eluents to obtain 0.21 g of the 2,6dimethyl-4-pyranone product (Figure 2.2). Crystals were obtained by slow evaporation of
a diethyl ether solution. The crystallographic data are summarized in Table 2.4. No
benzylated 2,4,6- heptanetrione was observed. Yield 57%; 1H NMR (CDCl3, 300 MHz):
2.23 (6H, s, -CH3), 6.10 (2H, s, -C=CH-).
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Figure 2.2

2,6-Dimethyl-4-pyrone

Table 2.2

Crystal data and structure refinement for 2,6-dimethyl-4-pyrone

Empirical formula

C7H8O2

Color

Colorless

Formula weight

124.13

Density (Mg/m3)

1.303

Crystal system

Monoclinic

Temperature (K)

100(2)

Space group

P21/n

Wavelength (Å)

0.71073

All data R1, wR2

0.0391, 0.0761

Final indices R1, wR2 0.0336, 0.0733
Unit cell dimensions
a (Å)

7.6080(7)

 (deg)

90

b (Å)

7.0269(6)

 (deg)

90.6370(10)

c (Å)

11.8351(10)

γ (deg)

90

V (Å3)

632.67(10)

Z

4

2.1.3.10

Attempted reaction of 2,4,6-heptanetrione with benzyl chloride and
K2CO3

2,4,6-Heptanetrione (1.0 g, 7.0 mmol) and benzyl chloride (0.80 ml, 7.0 mmol)
were mixed with acetone (50.0 mL). 1.0 g (7.0 mmol) of K2CO3 was then added and the
mixture was refluxed for 20 h. The yellow precipitate obtained was removed by filtration
and the solvent was evaporated from the filtrate. The crude product was purified from a
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silica gel column and two products were separated out using ethyl acetate and hexane as
eluents. 0.33 g of the product (Figure 2.5) was isolated. The first product separated gave
crystals in an ethanol solution when solvent was allowed to evaporate slowly. The
crystallographic data are summarized in Table 3. The second product was not identified.
Yield 20%; IR: 1588 cm-1 (νC=C), 1682 cm-1 (νC=O), 3062 cm-1 (νO-H) ; 1H NMR (CDCl3,
300 MHz) : 1.56 (3H, s, -CH3), 2.42 (2H, s, -CH2-), 2.64 (2H, s, -CH2-), 2.75 (2H, s, CH2-), 6.89 (1H, s, -OH), 7.19-7.27 (5H, m, Ph-H), 10.19 (1H, s, -C=C-OH).

O

HO

Figure 2.3

OH

Product of the reaction of 2,4,6-heptanetrione with benzyl chloride and
K2CO3
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Table 2.3

Crystal data and structure refinement for the product of the reaction of 2,4,6heptanetrione with benzyl chloride and K2CO3

Empirical formula

C14H16O3

Color

Colorless

Formula weight

232.27

Density (Mg/m3)

1.293

Crystal system

Orthorhombic

Temperature (K)

100(2)

Space group

Pna2(1)

Wavelength (Å)

0.71073

All data R1, wR2

0.0391, 0.0761

Final indices R1, wR2 0.0336, 0.0733
Unit cell dimensions
a (Å)

20.275 (2)

 (deg)

90

b (Å)

6.4463(7)

 (deg)

90

c (Å)

9.1280(10)

γ (deg)

90

V (Å3)

1193.0(2)

Z

4

2.1.3.11

2-Acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene (Figure 2.4)

2,4,6-Heptanetrione 0.50 g (3.5 mmol) was dissolved in 10.0 mL of THF and 2.0
mL of H2O. 3.5 mL (3.5 mmol) of 1.0 M n-TBAF in THF was added. The mixture was
stirred overnight. The crude product was purified using ethyl acetate and hexane as
eluents in a silica column to get 0.61 g of product. Crystals were obtained by slow
evaporation of ethyl acetate. The crystallographic data are summarized in Table 2.6.
Yield 76%; IR: 1605 cm-1 (νC=C), 3065 cm-1 (νO-H); NMR (CDCl3, 300 MHz): 2.42 (3H,
s, -CH3), 2.65 (3H, s, -CH3), 2.75 (3H, s, -CH3), 6.69 (1 H, s, Ph-H), 6.89 (2H, s, Ph-H),
10.22 (1H, s, -OH).
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Figure 2.4

OH

OH

2-Acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene

Table 2.4

Crystal data and structure refinement for 2-acetyl-1,8-dihydroxy-3,6dimethylnaphthalene

Empirical formula

C14H14O3

Color

Colorless

Formula weight

230.25

Density (Mg/m3)

1.293

Crystal system

Orthorhombic

Temperature (K)

100(2)

Space group

P-1

Wavelength (Å)

0.71073

All data R1, wR2

0.0391, 0.0761

Final indices R1, wR2 0.0336, 0.0733
Unit cell dimensions
a (Å)

7.2120(8)

 (deg)

88.8350(10°)

b (Å)

7.4962(8)

 (deg)

74.4210(10°)

c (Å)

10.6464(11)

γ (deg)

76.1740(10°)

V (Å3)

537.77(10)

Z

2

2.1.4
2.1.4.1

Synthesis of metal complexes
Bis(heptane-2,4,6-trionato)dicopper(II), Cu2(daa)226
Heptane-2,4,6-trione (1.0 g, 7.0 mmol) was dissolved in methanol (30.0 mL) and

heated. 1.40 g (7.00 mmol) of copper acetate monohydrate in water (20.0 mL) was added
to the methanol solution. The resulting precipitate was collected and recrystallized from
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pyridine and dried under reduced pressure at 65°C for 5 h to obtain 1.9 g of a green
powder. The structure of Cu2(daa)2 complex was further obtained by obtaining crystals
from slow evaporation of pyridine and analyzing it by single crystal X-ray
crystallography. Yield 68%; IR: 1540 cm-1 (νC-O), 1470 cm-1(νC-O); UV-vis 318, 338, and
382 nm; Calculated exact mass (M+H)+: 406.9617, observed mass (M+H)+: 406.9705.
2.1.4.2

Bis(1,5-diphenyl-1,3,5-pentanetrionato)dicopper(II), Cu2(dba)226
1,5-Diphenyl-1,3,5-pentanetrione (1.0 g, 3.7 mmol) was dissolved in ethanol

(50.0 mL) and heated. Copper acetate monohydrate (0.76 g, 3.7 mmol) in water (25.0
mL) was added to the ethanol solution. The resulting precipitate was collected and dried
under vacuum for 5 h to obtain 1.72 g of Cu2(dba)2 as a green powder. Yield 70%; IR:
1587 cm-1(νC=C), 1549 cm-1 (νC-O), 1533cm-1(νC-O); UV-vis 296 nm, 380 nm, 444 nm, and
474 nm; Calculated exact mass (M+H)+: 655.0243, observed mass: (M+H)+: 655.0222.
2.1.4.3

Bis(3-benzyl-2,4,-pentanedionato)copper(II), Cu(bnacac)271
3-Benzyl-2,4,-pentanedione (0.50 g, 2.6 mmol) was dissolved in methanol (20.0

mL) and heated. Copper (II) acetate monohydrate (0.53 g, 2.6 mmol) was dissolved in
water (15.0 mL) and added to the methanol solution. The resulting precipitate (0.84 g)
was filtered and collected. Yield 72%: UV-vis 332 nm; IR 1564 cm-1 (νC=C), 1441 cm-1
(νC-O), 1380 cm-1 (νC-O), 3025 cm-1 (νC-H); Calculated exact mass (M+H)+ 442.1205;
Observed mass (M+H)+ : 442.2217
2.1.4.4

Bis(3-benzyl-2,4,6-heptanetrionato)copper(II), Cu2(bndaa)2
3-Benzyl-2,4,6-heptanetrione (0.20 g, 8.6 mmol) was dissolved in methanol (10.0

mL) and heated to 40°C. Copper (II) acetate monohydrate (0.17 g, 8.6 mmol) dissolved in
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H2O (15.0 mL) was slowly added to the methanol mixture. The resulting green
precipitate was filtered, collected and washed with cold methanol and water to obtain
0.41 g of the product. Yield 62%; IR: 2924 cm-1 (νC-H), 2854 cm-1 (νC-H), 1534 cm-1
(νC=C), 1466 cm-1 (νC=C), 1399 cm-1 (νC-O), 1356 cm-1 (νC-O); UV-vis; 345 nm; Calculated
exact mass (M+2H)+: 588.0634, observed mass(M+2H)+: 588.0478.
2.1.4.5

Bis(3-benzyl-2,5-diphenyl-1,3,5-pentanetrionato)copper(II), Cu2(bndba)2
3-Benzyl-2,5-diphenyl-1,3,5-pentanetrione (0.2 g, 0.6 mmol) was dissolved in

methanol (10.0 mL) and heated to 40°C. Copper (II) acetate monohydrate (0.11 g, 0.60
mmol) dissolved in 15.0 mL of H2O was slowly added to the methanol solution. The
resulting green precipitate was filtered, collected and washed with cold methanol and
water to obtain 0.31 g of the product. Yield: 66%; IR: 3055cm-1 (νC-H), 1585 cm-1 (νC=C),
1555 cm-1 (νC=C), 1481 cm-1 (νC-O), 1445 cm-1 (νC-O); UV-vis: 250 nm, 328 nm;
Calculated exact mass (M+2H)+: 836.1260, observed mass: (M+2H)+ : 836.1232
2.1.4.6

Bis(2,4-dibenzyl-2,5-diphenyl-1,3,5-pentanetrionato)copper(II),
Cu2(dbndba)2
2,4-Dibenzyl-2,5-diphenyl-1,3,5-pentanetrione (0.30 g, 6.7 mmol) was dissolved

in methanol (15.0 mL) and heated to 40°C. Copper (II) acetate monohydrate (0.14 g, 6.7
mmol) dissolved in 15.0 mL of H2O was slowly added to the methanol solution. The
resulting green precipitate was filtered, collected and washed with cold methanol and
water to obtain 0.41 g of the product. The precipitate was analyzed in high resolution
mass spectrometer. Yield 61%; IR: 3064 cm-1(νC-H), 1551 cm-1 (νC=C), 1493 cm-1 (νC=C),
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1380 cm-1 (νC-O), 1255 cm-1 (νC-O); UV-vis: 235 nm; Calculated exact mass (M+2H)+:
1016.2199, observed mass: (M+2H)+: 1016.2149.
2.1.5

Immobilization of copper 2,4,6-heptanetrionato complex to Cab-O-Sil via
the linker.

2.1.5.1

Modification of silica surfaces with pchloromethylphenyltrimethoxysilane 72,35
Cab-O-Sil (5 g) was refluxed with concentrated HCl (80.0 mL) for 6 h. Next, the

silica was filtered, washed with water and dried at 140°C under vacuum overnight. The
dried Cab-O-Sil (1.0 g) was added to p-chloromethylphenyltrimethoxysilane (linker) (1.2
g) in toluene (25.0 mL) and the mixture was refluxed overnight. The silica gel was
filtered and washed with dimethylformamide (3 times), methanol (3 times) and
dichloromethane (3 times). Finally the modified silica gel (Figure 5) was dried under
reduced pressure overnight. IR: 1600 cm-1 (νC=C), 1647 cm-1 (νC=C), 2961 cm-1 (νC-H).

Cl

O

Si

OCH3
O
OH
Si
Si
Si
O
O
Si
O
O
Si
Si
O
O

Si

Figure 2.5

Modification of silica surfaces with (pchloromethylphenyltrimethoxysilane)
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2.1.5.2

Attachment of 2,4,6-heptanetrione to silica modified with the linker
0.5 g of modified silica (with p-chloromethylphenyltrimethoxysilane) was added

to 20.0 ml of THF and 2.0 mL of H2O and stirred. 0.20 g (1.4 mmol) of 2,4,6heptanetrione and 1.4 mL (1.4 mmol) of 1.0 M n-TBAF in THF was added and stirring
was continued at 40°C for 24 h. The silica gel was then separated by filtration and washed
with acetone (15 mL) three times. IR: 1600 cm-1(νC=C), 1732 cm-1 (νC=O), 2882 cm-1 (νCH).
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2.1.5.3

Modification of silica surfaces with (pchloromethylphenyltrimethoxysilane/H2daa)

Coordination of copper(II) ions to 2,4,6-heptanetrione supported on CabO-Sil via the linker 1
Modified Cab-O-Sil (with p-chloromethylphenyltrimethoxysilane and 2,4,6-

heptanetrione) (0.3) g was added to a copper acetate solution (0.1 g in 10.0 mL H2O)
and stirred overnight. Copper coordination was observed by monitoring the copper
concentration before and after stirring with silica using UV-vis spectroscopy. Cab-O-Sil
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was separated and washed with water three times. 960 cm-1 (νC-O), 1289 cm-1 (νC-O), 1619
cm-1 (νC=C).
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2.1.6
2.1.6.1

Modification of silica surfaces with (pchloromethylphenyltrimethoxysilane/daa/Cu2+)

Immobilization of 1,5-diphenyl-1,3,5-pentanetrionato complex to Cab-O-Sil
via the linker.
Attachment of 1,5-diphenyl-1,3,5-pentanetrione to silica modified with pchloromethylphenyltrimethoxysilane
0.5 g of modified silica (with p-chloromethylphenyltrimethoxysilane) was added

to 20.0 ml of THF and 2.0 mL of H2O and stirred. 0.2 g (7.5 mmol) of 1,5-diphenyl1,3,5-pentanetrione and 0.80 mL (7.5 mmol) of 1.0 M n-TBAF in THF was added and
stirring was continued at 40°C for 24 h. The silica was separated and washed with acetone
(15 mL) three times. IR: 1600 cm-1 (νC=C), 1723 cm-1 (νC=O), 2967 cm-1 (νC-H).
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2.1.6.2

Modification of silica surfaces with (pchloromethylphenyltrimethoxysilane/H2dba)

Coordination of copper(II) ions to the Cab-O-Sil supported 1,5-diphenyl1,3,5-pentanetrione (Figure 2.9)
0.3 g of modified Cab-O-Sil (with p-chloromethylphenyltrimethoxysilane and

1,5-diphenyl-1,3,5-pentanetrione) was added to a copper (II) acetate solution (0.1 g in
10.0 mL H2O) and stirred overnight. Cab-O-Sil was filtered out and washed with water
three times. Copper coordination was observed by monitoring the copper concentration
before and after stirring with silica using UV-vis spectroscopy. IR: 1400 cm-1 (νC-O),
1593 cm-1 (νC=C), 2964cm-1 (νC-H).
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2.1.7
2.1.7.1

Modification of silica surfaces with (pchloromethylphenyltrimethoxysilane/dba/Cu2+)

Immobilization of copper 2,4-pentanedionato complex to Cab-O-Sil via the
linker.
Silica modified with p-chloromethylphenyltrimethoxysilane and 2,4pentanedione
0.5 g of modified silica (with p-chloromethylphenyltrimethoxysilane) was added

to 20.0 ml of THF and 2.0 mL of H2O and stirred. 0.20 g (2.0 mmol) of 2,4-pentanedione
and 2.0 mL (2.0 mmol) of 1.0 M n-TBAF in THF was added and stirring was continued
at 40°C for 24 h. The silica gel was collected by filtration and washed with acetone (15
mL) three times. IR: 1590 cm-1 (νC=C), 1704 cm-1 (νC=O), 2967 cm-1 (νC-H).
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2.1.7.2

Modification of silica surfaces with (pchloromethylphenyltrimethoxysilane/Hacac)

Coordination of copper(II) ions to the Cab-O-Sil supported 2,4pentanedione1
Modified Cab-O-Sil (with p-chloromethylphenyltrimethoxysilane and 1,5-

diphenyl-1,3,5-pentanetrione) 0.3 g was added to a copper (II) acetate solution (0.1 g in
10.0 mL H2O) and stirred overnight. Cab-O-Sil was collected by filtration and washed
with water three times. Copper coordination was observed by monitoring the copper
concentration before and after stirring with silica using UV-vis spectroscopy. IR: 966 cm1

(νC-O), 1292 cm-1 (νC-O).
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2.2

Modification of silica surfaces with (pchloromethylphenyltrimethoxysilane/acac/Cu2+)

Oxidation Reactions

2.2.1.1

3,5-di-tert-butyl catechol (3,5-DTBC) oxidation 1,21,11
0.1 g (0.4 mmol) of 3,5-DTBC was dissolved in 50.0 mL of methanol and added

to 0.01 g of silica-supported catalyst. The solution was stirred under ambient conditions.
Aliquots of 0.2 mL of the solvent were withdrawn, diluted to 5.0 mL and the UV-vis
absorbance measured at 400 nm for 3,5-di-tert-butyl quinone (3,5-DTBQ). The
absorbance was plotted against time. Reactants (3,5-DTBC) and products (3,5-DTBQ)
were analyzed before and after the reaction using GC-MS.
2.2.1.2

Oxidation of benzyl alcohol (Figure 2.13) 59,73
Benzyl alcohol 0.10 mL (1.0 mmol) was added to 5.0 mL of toluene. Cs2CO3

(0.39 g, 1.0 mmol) was added followed by 0.01 g of the catalyst. The mixture was heated
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to 40°C and kept stirring. Aliquot of 0.1 mL were withdrawn from the solution and
diluted to 5.0 mL and analyzed by GC-MS. 1,2-Dichlorobenzene was used as the internal
standard. The same reaction was also carried out under oxygen.
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CHAPTER III
RESULTS AND DISCUSSION

This chapter consists of two parts. In the first part, benzylation reactions of
triketones using different bases, the preparation of copper complexes with triketonate
ligands, immobilization of different triketonate copper complexes on Cab-O-Sil and their
characterization will be discussed. The second part consists of the discussion of oxidation
reactions of 3,5-DTBC and benzyl alcohol using bimetallic and monometallic catalysts.
3.1

2,4,6-Heptanetrione and 1.5-diphenyl-1,3,5-pentanetrione
As mentioned in the Introduction, the goal of this research project is to attach

dicopper complexes to Cab-O-Sil surfaces using a linker. The β,δ-triketonate ligands are
ideal candidates to prepare bimetallic complexes as they can coordinate to two metals
through their carbonyl groups. For this project 2,4,6-heptanetrionate and 1,5-diphenyl1,3,5-pentanetrionate were chosen as ligands to make dicopper complexes. The ligand
precursor H2daa was synthesized starting from dehydroacetic acid as previously reported
(Equation 3.1).22, 74-76 Hydrolysis of the dehydroacetic acid with concentrated HCl,
precipitation of the barium salt, and treatment of this salt with acid gave the product
H2daa. The white solid purified by distillation was obtained with a yield of 55%. The 1H
NMR spectrum of H2daa in CDCl3 clearly shows the existence of three tautomers as
discussed in the Introduction77. The neat IR spectrum exhibits strong IR peaks at 1652
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cm-1 for the carbonyl groups and 1383 cm-1 for the C-O bonds. High resolution mass
spectrometry gave the peak for the (M+H)+ parent ion which supports the product
assignment.
O

O

O

OH

1. HCl
2. Ba(OH)2.8H2O
3. HCl

O

O

O

H2daa

(3.1)

1,5-Diphenyl-1,3,5-pentanetrione was synthesized from the aroylation reaction of
acetone according to a literature preparation (Equation 3.2).23 Deprotonation of acetone
followed by the reaction with methyl benzoate gives the H2dba product. This yellow
compound was purified by recrystallization from 95% ethanol. The 1H NMR spectrum in
CDCl3 suggests the compound is in the monoenol and bisenol forms at 23% and 77%,
respectively. The crystal structure of H2dba shows that in the solid form it is in the
bisenol form.24 H2dba has a strong peak at 1588 cm-1 for aromatic C=C stretching and
1682 cm-1 for C=O stretching in the IR spectrum. Also the C-O stretching peak is given
at 1374 cm-1. Mass spectrometry supports the assignment with the presence of the
(M+H)+ peak.

(3.2)

46

3.2
3.2.1

Immobilization of copper complexes on Cab-O-Sil
Modification of Cab-O-Sil surfaces with the linker
The main goal of this project was to attach dicopper triketone complexes to silica

surfaces through a linker. M-5 grade Cab-O-Sil was used as the silica source for the
surface modification. The surface of silica is composed of hydroxyl groups, which can be
used for modification. Silane coupling agents with three alkoxy groups are frequently
used to functionalize silica surfaces as they have the ability to form a durable bond
between the organic component and the inorganic material.35, 78-83 It is possible for the
silane linker molecule with three alkoxy groups to form one, two or three bonds with the
silica surface. The number of bonds between the linker and the Cab-O-Sil can be
estimated by the carbon and hydrogen percentages on the silica surface. The Cab-O-Sil
surfaces were modified using p-chloromethylphenyltrimethoxysilane as the linker after
treating Cab-O-Sil with HCl.72 The HCl treatment ensures protonation of all hydroxyl
groups on the surface. The reaction of p-chloromethylphenyltrimethoxysilane with CabO-Sil modifies the surface by reacting with the hydroxyl groups on the silica surface
(Equation 3.3). The linker modified silica was washed with DMF, CH2Cl2, and CH3OH
after the reaction72. The dried Cab-O-Sil modified with the linker was analyzed using
DRIFTS, TGA, and elemental analysis.
Cl
Cl
OH

OH
OH
O
Si
Si
Si
O
O
Si
O
O
Si
Si
O
O

Si

Si

+

+

Toluene, reflux

H3CO

Si

Si

OCH3
OCH3

Si

O
O

O
Si
O

Si
O
Si
O
Si
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2 CH3OH

OCH3
OH
O
O
Si

Si

(3.3)

The DRIFTS spectrum of Cab-O-Sil contains two broad peaks for Si-O-Si
stretching around 1100 cm-1 and Si-OH at 950 cm-1. After modifying the silica surface
with the p-chloromethylphenyltrimethoxysilane linker, the DRIFTS spectrum of modified
silica surface gives a strong aromatic C=C stretching peak at 1604 cm-1 (Figure 3.1). The
IR spectrum of p-chloromethylphenyltrimethoxysilane contains a strong aromatic C=C
peak at 1603 cm-1 (Figure 3.2). Comparing these IR and DRIFTS results suggest the
presence of aromatic groups on the modified silica surface. The linker spectrum also
gives C-O stretching for -OCH3 at 1396 cm-1. The DRIFTS spectrum of modified silica
with the linker also confirms C-O stretching at 1396 cm-1 suggesting the presence of at
least one -OCH3 group. This is due to unreacted -OCH3 groups on the linker silicon atom.
It was also found that the modified silica gave carbon and hydrogen percentages of
4.46% and 0.53%, respectively, (Table 3.7) by elemental analysis. The carbon percentage
can be used to calculate the linker loading of the modified Cab-O-Sil as shown below.
The calculation of moles linker attached to the silica surface depends on how many OCH3 groups are remaining on the linker silicon atom as it can form one, two or three
bonds with the silica surface. It was assumed the linker molecule forms two bonds with
the silica surface and one –OCH3 is remaining on the linker molecule because the
calculated hydrogen percentage agree better with the experimental value and also the
DRIFTS spectrum shows unreacted –OCH3 groups.
Since 1 g of linker modified silica has 0.0446 g of carbon or 3.72 x 10-3 moles of
carbon, the number of moles of linker per gram is 4.6 x 10-4 (8 carbons in pchloromethylphenyltrimethoxysilane linker). Therefore, based on carbon percentage, 1 g
of silica has 4.2 x 10-3 moles of hydrogen (9 hydrogens in the linker molecule).
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Therefore, the calculated linker loading was found to be 0.46 mmol/g, and values
from 0.4-0.7 mmol/g are reported in the literature for silica with a surface area of 300
m2/g.32, 84, 85 The surface area of Cab-O-Sil M-5 grade is 200 m2/g such that the current
loading agrees with the higher estimates obtained previously.31, 32, 84, 86 Since there is
0.46 mmol/g of linker present on silica, the percentage of hydrogen calculated from the
linker loading is 0.42%. The higher experimental value of 0.53% could be possibly due to
H2O present in the silica or Si-OH groups.

Figure 3.1

DRIFTS spectrum of Cab-O-Sil modified with linker

49

Figure 3.2

IR spectrum of p-chloromethylphenyltrimethoxysilane

Figure 3.3

TGA thermogram for Cab-O-Sil

TGA studies give the percentage of mass loss due to volatilization of material
from the sample. TGA analysis of Cab-O-Sil without the linker after treating with HCl
and drying under vacuum at 140°C gives a mass loss of 2.3% (Figure 3.3), which
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corresponds to any moisture or impurities on Cab-O-Sil. Also the neighboring silanol
groups are known to undergo condensation to form siloxane bridges at high
temperatures.34 Similar values for mass loss from TGA experiments due to moisture in
silica have been reported previously.86-88 The increase in the weight percent of the graph
(Figure 3.3) up to 300°C is shown in every TGA thermogram in this study. Since an
increase in mass is seen around 200°C with every TGA curve, the mass loss was
calculated from the difference between the highest and the lowest mass percentages in the
curve so that the increment should not affect the calculations when determining the mass
loss. A mass loss of about 0.3% is observed from 900oC to 1000°C in the TGA curve.
Similar mass loss features are observed in every TGA curve obtained in this study. The
linker modified Cab-O-Sil when analyzed by TGA has a mass loss of 11.8% as shown in
Figure 3.4. This gives 9.5% (after substracting 2.3% loss from Cab-O-Sil) of the mass
loss caused by surface modification. Since the amount of linker loading is known, it is
possible to predict the percentage of the volatile components (composed of C, H, Cl, O
and possibly Si) on the silica surface. According to the calculations from elemental
analysis the total of volatile components (including Si from the linker) is 8.6%.
Therefore the TGA results give a higher loss in mass than expected. The calculations
done without considering linker Si atom gives 7.3% of volatile component percentage on
the modified silica. Therefore, comparing these calculated values with the experimental
value, it suggests the Si atom in the linker is volatilized during the TGA process.

(3.4)
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Figure 3.4

TGA thermogram for Cab-O-Sil modified with linker

The second step for modification of the silica surface is to attach a triketone
molecule to the benzylic position of the linker. The approach is to deprotonate the
triketone with a base allowing the nucleophile generated to attack the benzylic position of
the linker on the silica surface. K2CO3 was selected as the base to deprotonate H2daa
based on what was reported for attaching 2,4-pentanedione to the same linker on silica.35
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OCH3
OH
Si
O
O
Si

(3.5)

Therefore, the modified silica (with linker) was allowed to react with H2daa in the
presence of K2CO3. After the reaction the surface modified Cab-O-Sil was washed with
acetone and water, dried and submitted for elemental analysis (Table 3.7). The expected
reaction is shown in Equation 3.5. Since the amount of linker loading on the Cab-O-Sil is
known, this value can be used to calculate the predicted carbon, hydrogen percentages for
each step. Since 1 g of linker modified silica has 4.6 x 10-4 moles of linker (pchloromethylphenyltrimethoxysilane), 1.05 g of silica has 4.6 x 10-4 moles of linker + 4.6
x 10-4 moles of H2daa (each linker attached to 1 molecule of H2daa)
Since it was calculated using 1 g of linker modified silica surface, 1.05 grams of
total mass are predicted when H2daa is attached. Therefore, the predicted percentages for
carbon and hydrogen are calculated based on a total mass of 1.05 g. For example carbon
percentage after attaching H2daa can be calculated as follows.

(3.6)
Comparing the elemental analysis results with the predicted values for carbon and
hydrogen, it was found that the experimental values didn’t agree with the predicted
values. The TGA results gave a mass loss of 13.7% for modified silica (with
linker/H2daa) and the calculated values based on the linker loading is 12.7% for this step.
Therefore it was found this value is higher than the calculated values. The DRIFTS
spectrum (Figure 3.5) of modified silica (linker/H2daa) gives a strong peak at 1604 cm-1
but no strong peak was observed in the 1650 - 1700 cm-1. A strong peak in this region for
C=O stretching was expected if the triketone was present. Hence the reaction between the
triketone and the benzyl chloride didn’t occur as expected. Therefore the benzylation
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(
7)

reaction of H2daa and H2dba in solution was performed to verify the benzylated product
is formed and, if so, to get spectroscopic information about it as discussed in the next
section.

Figure 3.5

Table 3.1

DRIFTS spectrum of modified silica (linker/H2daa) using K2CO3 as the
base

Elemental analysis results of modified silica with K2CO3 as the base for
deprotonation of H2daa
Carbon %

Hydrogen %

Copper %

Silica+Linker

4.46

0.53, 0.42*

-

Silica+Linker+H2daa

6.24, 7.03*

1.48, 0.84*

-

Silica+Linker+daa+Copper

5.59, 9.38*

1.19, 0.82*

8.34, 5.22*

*Expected values
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3.3

Attempted benzylation reactions.
In an attempt to attach triketones to the modified silica surfaces which has a

benzyl chloride on the surface, it is important to study the benzylation reaction of these
compounds to identify the reaction conditions and to get spectroscopic evidence for the
benzylated triketone. Since no reports of benzylation of H2daa and H2dba were found,
benzylation of H2daa was attempted using different bases to obtain 3-benzyl-2,4,6heptanetrione. The reported benzylation of 2,4-pentanedione was achieved using bases
such as K2CO3, NaH and Bi(OTf)3 (Equation 3.7).35, 36, 39, 71, 89-91 Therefore these bases
were evaluated for the benzylation of H2daa and H2dba.
O

Cl
O

O

O

Base

+
Hacac

(3.7)

Benzylation of H2daa was attempted first using K2CO3 in acetone (Equation 3.8)
as it was used to attach 2,4-pentanedione to silica surface via pchloromethylphenyltrimethoxysilane linker. Two main products were obtained upon
column chromatography. The first product resulted from cyclization of H2daa with benzyl
group attachment. The crystal structure of this product was obtained to confirm the
structure (Figure 3.6). This compound has not been reported previously. This structure
suggests the triketone is cyclized after it undergoes the benzylation reaction. The
cyclization is a result of deprotonation of the end carbon and nucleophilic attack on the
carbonyl on the far end. Therefore using K2CO3 as a base for the benzylation of H2daa
did not succeed as the H2daa undergoes cyclization after the benzylation.
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product 2

OH

(3.8)

Thermal ellipsoid (50% probability) drawing of 2-benzyl-3,5-dihydroxy-5methyl-2-hexenone

No structure could be discerned from the NMR of the second product and it didn’t
show any benzene protons suggesting no benzylation occurred. Since the expected
benzylated triketone product was not observed in the reactions attempted with K2CO3 as
base, other bases for benzylation of the triketones were used. Attempting the reaction
(Equation 3.9) with NaH yielded 2,6-dimethyl-4-pyrone, which again results from
cyclization of H2daa.92, 93 This is due to the O-alkylation37 of the H2daa triketone after
deprotonation which results in cyclization (Equation 3.10). An efficient bismuth
catalyzed direct benzylation of 2,4-pentanedione was reported in 200739, 40. Based on this
reaction, the reaction between H2daa and benzyl alcohol in the presence of bismuth
triflate was attempted. This reaction gave 2,6-dimethyl-4-pyrone as the major product
(Equation 3.11) . This is the undesired product obtained previously. When attempting the
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same reactions with 1,5-diphenyl-1,3,5-pentanetrione, the only product identified was
2,6-diphenyl-4-pyrone, which is again the cyclization of 1,5-diphenyl-1,3,5pentanetrione. Since the expected products were not obtained from these reactions, other
possible benzylation reaction conditions were explored.
Cl
O

O

O

O

NaH
monoglyme

+

O

O

O

O-

O

O

(3.9)

O
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(3.10)
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(3.11)

Figure 3.7

3.4

Thermal ellipsoid (50% probability) drawing of 2,6-dimethyl-4-pyrone

Benzylation reactions of H2daa and H2dba with n-TBAF as base
An alternate method for benzylation of Hacac is to use fluoride as the base.

Fluorides are known to stabilize the enol tautomer of a β-diketone by H- bond
formation.37, 94-96 It was reported that benzylation of Hacac can be achieved successfully
using n-TBAF as base. Since the benzylation reaction has been performed on 1,3diketone compounds with n-TBAF base, it was of interest to determine whether the
benzylation reaction works with triketone compounds with this base. Therefore, the
benzylation reaction of 1,5-diphenyl-1,3,5-pentanetrione was attempted with benzyl
bromide and n-TBAF. The reaction was carried out at room temperature in a THF/H2O
solvent system. The product obtained after column chromatography was identified as 2benzyl-1,5-diphenyl-1,3,5-pentanetrione (Equation 3.12). Unfortunately the product was
an oil which precluded the possibility of a crystal structure. The same attempted synthesis
carried out with benzyl chloride at room temperature gave no reaction. However, the
reaction with benzyl chloride at 40°C gave a yield of 55% of the benzylated product
(Equation 3.12). This demonstrates that benzylation of H2dba can be carried out using
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both benzyl chloride and benzyl bromide. This is important because the linker used to
modify the silica surface has a benzyl chloride attached to the silyl group. Because
bromide is a better leaving group than chloride, it is understandable that the reaction
proceeds at lower temperature with benzyl bromide.
O

O

O

X

O

O

OH

n-TBAF
THF-H2 O

+

X = Cl (40°C),
Br (rt)

(3.12)

The 1H NMR spectrum of 2-benzyl-1,5-diphenyl-1,3,5-pentanetrione contains
three doublet of doublets at 3.33 ppm, 3.50 ppm, and 4.69 ppm (Figure 3.8). The doublet
of doublets at 3.33 ppm and 3.50 ppm correlate to the same carbon in the HMQC
spectrum (Figure 3.10) and this carbon is a CH2 from the DEPT 135 experiment. This
suggests that the doublet of doublets at 3.33 ppm and 3.50 ppm correspond to benzylic
protons in 2-benzyl-1,5-diphenyl-1,3,5-pentanetrione. The –CH- position next to the
benzyl group appears as a doublet of doublet at 4.69 ppm. The carbon atom attached to
two carbonyl groups and a benzyl group is a chiral center, which makes the protons at the
benzylic position diastereotopic. Therefore, the benzylic protons create this doublet of
doublets splitting pattern at 4.69 ppm. The peak for the -C=C-H proton is at 6.62 ppm
and the peak corresponding to the -C-OH group is at 15.83 ppm which confirms the
product is in the monoenol tautomeric form in CDCl3. Although the product with the
hydroxyl in the terminal position (Equation 3.12) is the postulated one, the other
possibility is the hydroxyl group is at the middle carbon. Unfortunately the spectroscopic
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information is approximately the same for both of them, but the reason it is formulated as
such is that most of the time the enol group is on the end carbon in triketones.22
The 1H NMR spectrum was simulated (Figure 3.9) for 2-benzyl-1,5-diphenyl1,3,5-pentanetrione using the gNMR program.97 The simulated 1H NMR spectrum is for
the three doublets of doublets for the benzylic protons and the proton on the carbon next
to it. The coupling constants for these protons are found to be 1.4 Hz, 1.3 Hz and 2.8 Hz
for the benzylic protons and the proton on the carbon next to it, respectively.

Figure 3.8

1

H NMR spectrum of 2-benzyl-1,5-diphenyl-1,3,5-pentanetrione
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Figure 3.9

Simulated 1H NMR spectrum of 2-benzyl-1,5-diphenyl-1,3,5-pentanetrione
from gNMR

Figure 3.10

HMQC 2D NMR spectrum of 3-benzyl-1,5-diphenyl-1,3,5-pentanetrione

Benzylation of 2,4,6-heptanetrione was carried out using similar conditions as for
the diphenyl derivative (Equation 3.13). Two products were identified by TLC and the
products were separated on a silica gel chromatographic column. One of the products was
the one expected for benzylation of H2daa. This product was isolated with a yield of 62%.
In the 1H NMR spectrum, the three doublet of doublets are observed for the benzylated
H2daa similar to those for benzylated H2dba. The structure was further confirmed as a
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monoenol form in solution using 13C NMR, DEPT 135 and HMQC spectra. The other
product was identified as 2,6-diacetyl-5-(2-propanone)-3-methylphenol by
crystallography (Figure 3.11). This results from condensation of two H2daa molecules
after deprotonation. The deprotonation of the CH2 in the H2daa followed by nucleophilic
attack on the carbonyl groups of another H2daa molecule leads to this product. The
crystal structure was determined using crystals obtained from slow evaporation of an
ethyl acetate solution.
O
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O

O

+

O

O

OH

OH

+

n-TBAF
THF-H2O

O

Figure 3.11

O

(3.13)

Thermal ellipsoid (50% probability) drawing of 2,6-diacetyl-5-(2propanone)-3-methylphenol

Since the minor product results from the condensation of two H2daa molecules
without incorporation of a benzyl group, it was interesting to see whether the reaction
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between H2daa and the base n-TBAF in the absence of benzyl bromide gives the same
product. The reaction with 2,4,6-heptanetrione and n-TBAF under the same conditions
(Equation 3.14) gave 2-acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene with a yield of
75%. The structure was confirmed by 1H NMR spectroscopy. This product is derived
from the removal of three protons of H2daa and condensation with another H2daa
molecule. This result also demonstrates the ability of n-TBAF to deprotonate both CH3
and CH2 positions of the triketone ligand. This compound has been reported using
piperidine to deprotonate the H2daa.98 The crystal structure was reported with crystals
obtained from a solution of toluene. The same reaction carried out with H2dba gave no
products even at 40°C. This could be due to the lack of protons which can be
deprotonated on the two end carbons in the H2dba.
O
O

Figure 3.12

O

O

n-TBAF
THF-H2O

OH

OH

(3.14)

Thermal ellipsoid (50% probability) drawing of 2-acetyl-1,8-dihydroxy3,6-dimethylnaphthalene
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Since benzylation of H2daa and H2dba was achieved successfully using n-TBAF
as the base, the next objective was to explore the possibility of attaching two benzyl
groups to H2daa and H2dba. The reaction of H2dba with 2 equivalents of n-TBAF and 2
equivalents of benzyl bromide was performed at 40°C (Equation 3.15). The product
obtained after column chromatography was a brown oil. This product was identified as
2,4-dibenzyl-1,5-diphenyl-1,3,5-pentanetrione obtained with a yield of 61%. This
product contains a complex multiplet at 3.04 ppm and a doublet of doublets at 4.82 ppm.
Instead of two doublets of doublets around 3 ppm as in 2-benzyl-1,5-diphenyl-1,3,5pentanetrione, there is a complex multiplet in this region. This multiplet is again a result
of the diastereotopic benzylic positions and the doublet of doublets is for the CH’s next to
the benzylic positions. This compound is in the triketo form in CDCl3 at room
temperature. This demonstrates that the benzylation of H2dba can be controlled
effectively to synthesize both mono and bis benzylated H2dba. Attempting this reaction at
room temperature under these conditions gave a mixture of mono benzylated and bis
benzylated products. Attempts to synthesize the bis benzylated product with H2daa was
not successful as the products were not separable using column chromatography. Since
benzylation reactions can be effectively done on the triketone ligands it is important to
determine whether dicopper complexes can be made from these ligand precursors. The
preparation of dicopper complexes from these triketones will be discussed in the next
section.
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(3.15)
3.5

Dicopper(II) complexes of triketonate ligands.
β,δ-Triketone compounds like H2daa and H2dba can form dinuclear Cu2L2

complexes as shown in Figure 3.13.27, 99, 100 These complexes can be prepared by
allowing aqueous copper ions and the ligand precursors to react in methanol in the
presence of a base at 40°C. The base deprotonates the triketone allowing it to complex
with copper ions in solution. After stirring the mixture for several minutes the blue
copper solution becomes green and finally a green compound precipitates.1, 3, 21, 26, 101, 102

R

R
O

O
Cu

Cu
O

O

O
R

R

Figure 3.13

O

Cu2(triketonate)2 complexes

Cu2(daa)2: R = Me
Cu2(dba)2: R = Ph
The Cu2(daa)2 complex (Figure 8) has IR peaks at 1540 cm-1 for C-O bonds and
the C=O bond stretch at 1652 cm-1 for H2daa disappears when it coordinates with copper.
No IR peak is observed in the range 1800-1600 cm-1 suggesting all three carbonyls are
involved in coordination. The mass spectrum contains the (M+H)+ peak at 406.9705
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(m/z) (Figure 3.14) with a peak pattern diagnostic for metal isotopes 63Cu and 65Cu. The
two copper isotopes 63Cu and 65Cu have abundances of 69% and 31%, respectively.
Therefore the two copper atoms give distinct peak ratio pattern due to these isotopes.
This pattern agrees with the predicted mass peak pattern (Table 6) involving the two
isotopes. This complex is not soluble in most organic solvents except for those that are
strongly coordinating like pyridine. These crystals of the bis(2,4,6heptanetrionato)dicopper(II) complex was obtained from the slow evaporation of a
pyridine solution of bis(2,4,6-heptanetrionato)dicopper(II) complex and this structure has
been reported previously.103 The crystal structure shows the two pyridines are
coordinated to the copper atoms from opposite faces of the complex (Figure 3.15).

Figure 3.14

Table 3.2

Mass spectrum of Cu2(daa)2 complex

Predicted mass peak intensities for Cu2(daa)2 complex
m/z

406.96

407.97

408.96

409.96

410.97

411.96

theory

100.0

16.0

91.5

14.5

22.0

3.4

experimental

100.0

18.7

92.5

17.4

25.7

4.2
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Figure 3.15

Thermal ellipsoid (50% probability) drawing of Cu2(daa)2 complex

Cu2(dba)2 has a similar IR spectral pattern as Cu2(daa)2 with a peak at 1549 for CO stretching. The aromatic C=C stretching appears at 1587 cm-1. The mass spectrum of
Cu2(dba)2 gives a (M+H)+ peak at 655.0243 (m/z) and the peak pattern for the 63Cu and
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Cu isotopes matches the predicted intensities.

Table 3.3

Predicted mass peak intensities for Cu2(dba)2 complex
m/z

655.02

656.03

657.02

658.03

659.02

660.02

theory

100.0

38.3

97.47

35.5

27.5

8.803

experimental

100.0

39.5

97.8

33.7

26.7

11.6

Electron paramagnetic resonance spectra were recorded for Cu2(daa)2 and
Cu2(dba)2 complexes as shown in Figures 3.16 and 3.17, respectively. Both spectra give a
67

hyperfine structure with four spectral lines in the g║ (parallel) and two in the g┴
(perpendicular) region. These spectral lines confirm that the two copper atoms in the
bimetallic complexes are not electronically coupled to each other.11, 104-108 The g values
for the EPR spectra were calculated using g = (hγ)/Hβ, where H = static field (G), γ =
frequency (Hz), h is the Planck’s constant (Js) and β is the bohr magneton (J/G).

Figure 3.16

X band EPR spectrum of Cu2(daa)2 complex at room temperature

(g║ = 2.16, g┴ = 1.98)
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Figure 3.17

X band EPR spectrum of Cu2(dba)2 complex at room temperature

(g║ = 2.28, g┴ = 2.08)
The next goal of the research project was to prepare the dicopper complexes of 2benzyl-1,5-diphenyl-1,3,5-pentanetrionate, 3-benzyl-2,4,6-heptanetrionayte, and 2,4dibenzyl-2,5-diphenyl-1,3,5-pentanetrionate ligands. These copper complexes were
prepared by the same method as for Cu2(daa)2 and Cu2(dba)2. The preparation and
characterization of these new copper complexes are discussed in detail in the next
section.
3.5.1

Bis(2-benzyl-1,5-diphenyl-1,3,5-pentanetrionato)dicopper(II) complex
The 2-benzyl-1,5-diphenyl-1,3,5-pentanetrione ligand precursor was dissolved in

methanol and aqueous copper acetate solution added. By stirring the mixture while
heating to 40°C for several minutes, the green precipitate of bis(2-benzyl-1,5-diphenyl1,3,5-pentanetrionato)dicopper(II) complex can be collected by filtration (Equation 3.16).
The IR spectrum of the dicopper complex of 2-benzyl-1,5-diphenyl-1,3,5-pentanetrionate
has strong peaks at 1585 cm-1 for C=C and C-O at 1540 cm-1. The IR stretching frequency
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of 1680 cm-1 for C=O observed in 2-benzyl-1,3,5-pentanetrione ligand was not observed
suggesting the coordination of copper ions to 2-benzyl-1,5-diphenyl-1,3,5-pentanetrione.
The mass spectrum of bis(2-benzyl-1,5-diphenyl-1,3,5-pentanetrionato)dicopper(II) gives
the (M+2H)+ peak of 836.1224 (m/z) ( Figure 3.18). The distinct peak ratio pattern of the
two copper atoms agrees with the predicted pattern for the two copper isotopes as shown
in Table 3.4. The EPR spectrum (Figure 3.19) of the complex was obtained after diluting
it in Cab-O-Sil and the spectrum gives a broad peak in the g (parallel) region and a sharp
peak in the g (perpendicular) region. The broadening of g (parallel) could be due to the
interaction between paramagenetic species and therefore the relaxation time decreases.
This results in peak broadening in the EPR spectrum.109
These complexes were dissolved in pyridine and crystals were obtained from slow
evaporation. Unfortunately the crystal structure identified the precipitate as
bis(pyridine)dibenzoatocopper(II). This could be due to decomposition of the complex in
pyridine (Equation 3.17). Even though the reason for the decomposition is not clear,
similar decomposition of triketones in the presence of pyridine and H2O has been
reported previously.110

O

O

O
Cu(CH 3COO)2·H 2O
Methanol, 40°C

O

O
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O
Cu

O

O

(3.16)

Figure 3.18

Table 3.4

Mass spectrum of the bis(2-benzyl-1,5-diphenyl-1,3,5pentanetrionato)dicopper(II) complex

Predicted mass peak intensities of bis(2-benzyl-1,5-diphenyl-1,3,5pentanetrionato)dicopper(II) complex

m/z

836.13

837.13

838.12

839.13

840.12

841.13

842.13

theory

95.6

51.6

100.0

49.0

32.7

12.9

3.4

experimental

96.4

52.0

100.0

49.0

32.1

12.7

3.2

Figure 3.19

X band EPR spectrum of bis(2-benzyl-1,5-diphenyl-1,3,5pentanetrionato)dicopper(II) complex at room temperature

(g┴ = 2.08)
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3.5.2

Bis(3-benzyl-2,4,6-heptanetrionato)dicopper(II) complex
The dicopper complex of 3-benzyl-2,4,6-heptanetrione was also prepared using

the same procedure as for the other copper complexes. This dicopper complex exhibited a
strong, broad IR peak at 1534. This peak is due to C-O and C=C and stretching
frequencies of the dicopper complex. The C=O peak at 1717 cm-1 for the ligand precursor
3-benzyl-2,4,6-heptanetrione was not observed in the IR spectrum due to the coordination
of copper ions to the ligand. The mass spectrometry of the complex gives the (M+2H)+ at
588.0640 (m/z). The two isotopes of the two copper atoms 63Cu and 65Cu exhibit the peak
pattern predicted as shown in the spectrum (Figure 3.20). The abundance of the two
isotopes 63Cu and 65Cu gives the distinct pattern for the two copper atoms. This pattern
matches with the predicted pattern for the bis(3-benzyl-2,4,6-heptanetrionato)dicopper(II)
complex (Table 3.10).
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(3.18)

Figure 3.20

Table 3.5

Mass spectrum of bis(3-benzyl-2,4,6-heptanetrionato)dicopper(II) complex

Predicted mass peak intensities of bis(3-benzyl-2,4,6heptanetrionato)dicopper(II) complex
m/z

588.06

589.07

590.06

591.06

592.06

593.06

theory

100.0

31.78

95.2

29.1

25.4

7.1

experimental

100.0

35.4

95.6

31.8

27.9

8.0
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Figure 3.21

X band EPR spectrum of bis(3-benzyl-2,4,6-heptanetrionato)dicopper(II)
complex at room temperature

(g║ = 2.17, g┴ = 2.05,)
3.5.3

Bis(2,4-dibenzyl-1,5-diphenyl-1,3,5-pentanetrionato)dicopper(II) complex
The bis(2,4-dibenzyl-1,5-diphenyl-1,3,5-pentanetrionato)dicopper(II) complex

was also prepared by mixing copper(II) acetate ions and the 2,4-dibenzyl-1,5-diphenyl1,3,5-pentanetrione ligand at 40° C (Equation 3.19). IR peaks for C=C stretching
frequencies and C-O stretching peaks are observed at 1579 cm-1 and 1551 cm-1. Strong
carbonyl frequencies at 1720 cm-1 are present in the spectrum for 2,4-dibenzyl-1,5diphenyl-1,3,5-pentanetrione was not observed in the IR spectrum. The predicted
intensities (Table 3.11) for the isotopic mass peaks matched with experimental mass
spectrometry (Figure 3.22). The (M+2H)+ appears at 1016.2139 in the mass spectrum.
Therefore these results suggest 2,4-dibenzyl-1,5-diphenyl-1,3,5-pentanetrione
coordinates the copper ions to make bis(2,4-dibenzyl-1,5-diphenyl-1,3,5pentanetrionato)dicopper(II) complex.

74

O

O

O
Cu(CH 3COO)2·H 2O
Methanol, 40°C

O

O
Cu

Cu
O

O

O

O

(3.19)

Figure 3.22

Table 3.6

Mass spectrum of the bis(2,4-dibenzyl-1,5-diphenyl-1,3,5pentanetrionato)dicopper(II) complex

Predicted mass peak intensities for bis(2,4-dibenzyl-1,5-diphenyl-1,3,5pentanetrionato)dicopper(II) complex

m/z

1016.22 1017.22 1018.22 1019.22 1020.22 1021.22 1022.23

theory

87.5

61.0

100.0

59.9

38.0

38.0

17.1

experimental

88.5

65.4

100.0

63.3

40.1

38.0

19.8
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Figure 3.23

X band EPR spectrum of bis(2,4-dibenzyl-1,5-diphenyl-1,3,5pentanetrionato)dicopper(II) complex at room temperature

(g║ = 2.26, g┴ = 2.07)
This complex was dissolved in different type of solvents in an attempt to obtain
crystals. The pyridine solution resulted in crystals and the structure obtained was
bis(pyridine)dibenzoatocopper(II) complex. This is again a decomposition of the
dicopper complex in pyridine. The EPR spectrum (Figure 3.23) of the bis(2,4-dibenzyl1,5-diphenyl-1,3,5-pentanetrionato)dicopper(II) complex has a hyperfine structure of four
spectral lines in g(parallel) and two in g (perpendicular). This pattern correlates with the
hyperfine splitting of Cu2(daa)2 and Cu2(dba)2. This suggests the presence of two copper
atoms in the complex and they are not electronically coupled to each other.
These results demonstrate that H2daa and H2dba can undergo benzylation
reactions effectively with n-TBAF as base. These benzylated triketone compounds were
coordinated with copper ions to make dicopper complexes, which were characterized by
IR spectroscopy, high resolution mass spectroscopy, and EPR spectroscopy. These
reactions and conditions will be used to attach these complexes to Cab-O-Sil to make
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bimetallic heterogeneous catalysts for oxidation reactions, which will be discussed in the
next sections.
3.6

Attachment of Cu2(daa)2 complexes to Cab-O-Sil

3.6.1

Modification of Cab-O-Sil surfaces with linker/H2daa
After performing the reaction between the H2daa and benzyl chloride in the

presence of K2CO3, the characterized product resulted from the cyclization of H2daa with
a benzyl group (Equation 3.8). Therefore, based on other methods for benzylation
reactions, suitable conditions for effective benzylation of H2daa and H2dba were
explored. The n-TBAF base in a THF/H2O solvent system can be used to perform
benzylation reactions effectively on H2daa, H2dba and Hacac as discussed in the first part
of this chapter. The modified Cab-O-Sil (with linker) was then allowed to react with
H2daa (Equation 3.20) with n-TBAF using the same conditions as identified earlier. The
resulting Cab-O-Sil was characterized using DRIFTS and TGA.
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(3.20)

The DRIFTS spectrum of modified silica (linker/H2daa) has peaks at 1732 cm-1
and 1600 cm-1 (Figure 3.24). The strong 1732 cm-1 peak suggests the presence of C=O
and the aromatic C=C bonds are responsible for a peak at 1600 cm-1. The IR spectrum of
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benzylated H2daa gives a strong C=O stretching frequency at 1718 cm-1 and a C=C peak
at 1599 cm-1 (Figure 3.25). Also, the C-O peak from the –OCH3 groups remaining in the
linker is observed at 1394 cm-1. It has been reported previously that attachment of 2,4pentanedione onto silica surfaces using the p-chloromethylphenyltrimethoxysilane linker
is possible.35 For comparison, the IR spectrum of 2,4-pentanedione attached to silica
surface through chloromethylphenyltrimethoxysilane linker has C=O stretching peaks at
1701 cm-1 and a C=C stretching peak at 1606 cm-1. Therefore comparing the DRIFTS
spectrum with the IR spectrum of benzylated H2daa and benzylated Hacac, it illustrates
the presence of carbonyl and C=C groups on the modified silica surface suggesting the
attachment of H2daa to the linker on the silica surface.

Figure 3.24

DRIFTS spectrum of modified silica

(linker/H2daa)
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Figure 3.25

IR spectrum of H2bndaa

The analysis of Cab-O-Sil with linker and the H2daa attached gives a mass loss of
8.3% in the TGA analysis as shown in Figure 3.26. The expected percentage weight loss
after attaching the H2daa based on the calculated linker loading is 10.5%. It should be
noted that these predicted values are calculated on the assumption the benzylation
reaction occurs with a 100% yield.
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Figure 3.26

TGA thermogram for modified silica

(linker/H2daa)
3.6.2

Modification of Cab-O-Sil surfaces with linker/daa/Cu2+
Modified silica surfaces (H2daa and linker) were treated with copper(II) acetate to

coordinate copper ions to the triketone group (Equation 3.21). The copper coordination
of triketone was monitored by the decrease in copper concentration using UV-vis
spectroscopy after stirring with modified silica.
Cu2+ Cu2+
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The concentration of copper ions was determined using the neocuproine
method.111 2,9-Dimethyl-1,10-phenanthroline (neocuproine) reacts with copper(I) to form
a colored cationic complex (Equation 3.22). Therefore copper concentrations could be
measured using a UV-vis spectroscopy absorbance at 451 nm after reducing copper(II) to
copper(I) with hydroxylammonium chloride.
+

N
Cu+(aq)

N

N

N
Cu

+ 2
N

N

(3.22)
The percentage of copper attached to the silica surface was also determined by
AAS analysis. The modified silica surfaces with dicopper complexes were digested with
H2SO4-HNO3 solution and the acid solution was analyzed for the copper concentration.
The modified silica was further analyzed using DRIFTS and TGA.
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Figure 3.27

UV-vis spectrum of copper(I) neocuproine complex before (a) and after (b)
stirring with modified silica

(linker/H2daa)
The UV-vis studies gave 1.9% of copper coordinated to the modified silica
surfaces and the AAS results give 1.1% of copper on silica surfaces. The low percentage
of copper in AAS results could be because not all copper ions were digested. In fact, the
color of the complex remained on the modified silica surface even after treating the
modified silica surface with H2SO4-HNO3 solution. The DRIFTS spectrum has a strong
broad peak centered at 1289 cm-1 for C-O stretching frequencies (Figure 3.29).
Significant changes from the earlier step (silica/linker/H2daa) were the absence of
carbonyl stretching peaks in the spectrum as expected. It is expected that two acetate ions
act as counter ions for the copper ions coordinated to the triketonate. The IR spectrum of
copper acetate also has a very strong peak at 1414 cm-1. For comparison, bis(3-benzyl2,4,6-heptanetrionato)dicopper(II) complex has a very strong IR peak at 1400 cm-1.
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Figure 3.28

IR spectrum of bis(3-benzyl-2,4,6-heptanetrionato)dicopper(II) complex

Starting from 1 g of modified silica with the linker loading of 4.6 x 10-4 moles,
adding H2daa compound and two Cu2+ ions with two acetate groups as counter ions the
total mass adds up to 1.16 g of silica (calculated). Therefore, 1.16 g of modified silica
has 4.6 x 10-4 moles of linker + 4.6 x 10-4 moles of H2daa + 9.2 x 10-4 moles of Cu2+ ion
(two copper atoms coordinates to the ligand) + 9.2 x 10-4 moles of CH3COO-.
10.0% mass loss was found in the TGA spectrum for the modified silica with
linker and the dicopper complex (Figure 3.30). The calculation based on the linker
loading and taking the total mass as 1.16 g after coordinating copper ions as calculated
previously, gives 16.2% of volatile components.
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Figure 3.29

DRIFTS spectrum of modified silica (linker/daa/Cu2+)

Figure 3.30

TGA thermogram for modified silica (linker/daa /Cu2+)
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Figure 3.31

X band EPR spectrum of modified silica (linker/daa/Cu2+) at room
temperature

(g║ = 2.28, g┴ = 2.07)
The EPR spectrum (Figure 3.31) of modified Cab-O-Sil (linker/daa/Cu2+) has
spectral lines similar to the Cu2(daa)2 complex. Since copper ions are diluted by silica,
this spectrum has weak signals comparing to the EPR spectrum of Cu2(daa)2. The
spectrum contains the pattern of 4 lines in g(parallel) and 2 lines in g(perpendicular)
which suggest the presence of two copper atoms which are not electronically coupled.109,
112

The similarities of the Cu2(daa)2 EPR spectrum and the modified silica

(linker/daa/Cu2+) EPR spectrum are an indication that dicopper complexes are attached to
the Cab-O-Sil surfaces.
3.7

Attachment of Cu2(dba) complexes to Cab-O-Sil
The next attempt was to attach Cu2(dba) complexes to the Cab-O-Sil surface. The

approach is similar to the previous step except for using H2dba instead of H2daa as the
85

ligand to coordinate copper ions. Modified Cab-O-Sil with the linker pchloromethylphenyltrimethoxysilane was used to support H2dba ligand to the silica
surface. Similar conditions as in the benzylation reaction of H2dba and benzyl chloride
was used for the reaction (Equation 3.23). The modified silica surface linker/H2dba) was
analyzed using TGA and DRIFTS.
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The modified silica surfaces (linker/H2dba), when analyzed using DRIFTS, have a
carbonyl peak at 1723 cm-1. The C=C aromatic stretch is observed at 1600 cm-1.
Comparing this spectrum with the monobenzylated H2dba, the carbonyl stretching is
observed at 1683 cm-1 and the C=C stretching at 1591 cm-1. Similarly the bisbenzylated
diphenyltriketonate ligand has aromatic stretching at 1594 cm-1 and a carbonyl peak at
1720 cm-1 (Figure 3.32) and the modified silica surface matches closely with the above
spectra. It is also known that H2dba ligands have different tautomeric forms in solution.
Therefore, the IR spectrum peaks could change depending on the tautomeric form; keto,
enol or bisenol form.
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Figure 3.32

IR spectrum of H2dbndba

The total mass when H2dba is attached to the silica surface calculated based on
the linker loading is 1.11 g. The total volatile components (C, H, some of the O)
percentage based on the total mass of 1.11 g is 17.4%. The TGA results give a mass loss
of 9.2% which is the percentage of volatile components on the modified silica surface
(Figure 3.34).The TGA results are lower than the predicted for 100% yield.
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Figure 3.33

DRIFTS spectrum of modified Cab-O-Sil

(linker/H2dba)

Figure 3.34

TGA thermogram for modified Cab-O-Sil

(linker/H2dba)
After attaching the H2dba ligand to the modified silica surface (linker), the next
step is to coordinate copper ions to the modified silica surface (linker/H2dba) (Equation
3.24). The coordination of copper ions was performed using copper(II) acetate aqueous
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solution as in H2daa modified surface. The deposited copper moles were determined by
UV-vis spectroscopy using the neocuproine method as discussed in the previous section.
Finally the modified silica surface was analyzed using DRIFTS, TGA, AAS and EPR
spectroscopy as previously.
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The DRIFTS spectrum gives the characteristic C=C frequency at 1593 cm-1. As
observed for Cu2(daa) modified silica surfaces, the C=O stretching band was not
observed. The disappearance of the carbonyl stretching peak suggests the coordination of
copper ions to the modified silica surface (linker/H2dba). Comparing the DRIFTS
spectrum with the IR spectrum of bis(2,4-dibenzyl-1,5-diphenyl-1,3,5pentanetrionato)dicopper(II) complex, the peaks at 1674 cm-1 and 1551 cm-1 agree.
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Figure 3.35

IR spectrum of bis(2,4-dibenzyl-1,5-diphenyl-1,3,5pentanetrionato)dicopper(II) complex

Analysis of the modified silica surface (linker/dba/Cu2+) with TGA has a mass
loss of 10.1% (Figure 3.37) and the calculated value (based on the linker loading) for
100% yield is 20.2%. Therefore, modified silica (linker/dba/Cu2+) gives much lower
percentage from the TGA compared to the calculated value. The UV-vis studies suggest
1.2 % copper coordination to the silica surface using the neocuproin method (Figure
3.38). AAS studies indicate 0.98% copper coordinated to the silica surface. As in
Cu2(daa) attached silica surface, AAS studies give a lower percentage of copper on the
silica surface than shown by the UV-vis studies. This may be due to not all copper ions
coordinated on silica dissolving in the HNO3-H2SO4 solution. The greenish color of the
copper complex remaining on silica surface after digestion with the acidic solution
suggest that copper ions are still on the surface. The EPR spectrum of the modified silica
surface (linker/dba/Cu2+) (Figure 3.39) gives the characteristic peak of 4 spectral lines in
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g (parallel) and two lines in g (perpendicular) region similar to the modified silica
(linker/daa/Cu2+). This confirms two copper atoms on the silica surface electronically not
coupled to each other. The spectral lines in the EPR spectrum are weak due to dilution of
copper ions by silica.

Figure 3.36

DRIFTS spectrum of modified Cab-O-Sil

(linker/dba/Cu2+)
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Figure 3.37

TGA thermogram for modified Cab-O-Sil

(linker/dba/Cu2+)

Figure 3.38

UV-vis spectrum of copper (I) neocuproine complex before (a) and after
(b) stirring with modified silica

(linker+H2dba)
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Figure 3.39

X band EPR spectrum of modified silica (linker/dba/Cu2+) at room
temperature

(g║ = 2.34, g┴ = 2.09)
3.8

Attachment of Cu(acac) complex to Cab-O-Sil
Modified silica surfaces with the linker p-chloromethylphenyltrimethoxysilane

were also treated with Hacac in presence of n-TBAF to attach the diketone ligand to the
modified silica surface (Equation 3.25). The reaction conditions used were the same as in
the benzylation of Hacac, as described previously. After treating the silica with Hacac,
the modified silica was analyzed using DRIFTS. The DRIFTS spectrum gives
characteristic C=O stretching peak at 1704 cm-1 (Figure 3.41). A strong peak at 1590 cm-1
indicates the presence of the aromatic system on the silica surfaces. According to the
literature,35 the Hacac ligand was attached to the modified silica surface (linker) using
K2CO3 as the base. The IR spectrum of this modified silica reports peak at 1701 cm-1 and
1600 cm-1 for carbonyl and aromatic stretching, respectively. This IR spectrum for
modified silica with K2CO3 as base matches with DRIFTS spectrum obtained here for
modified silica (linker/Hacac) with n-TBAF base. These results clearly show the
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presence of carbonyl and aromatic groups on the silica surface which is a good indication
of silica surface has been modified with Hacac molecules. The IR spectrum of benzylated
Hacac has the characteristic C=O peak at 1698 cm-1 and C=C peak at 1603 cm-1.These
peaks agree with the DRIFTS spectrum obtained for modified silica (linker/Hacac).
The modified silica surface when analyzed by TGA, has a mass loss of 10.5%.
The calculations (based on the linker loading) predict 11.2% of volatile components after
attaching Hacac to the modified silica (linker). These volatile components percentage
values (calculated and experimental) of modified silica (linker/Hacac) match better when
compared to the other modified silica systems (with H2daa and H2dba) discussed.
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Figure 3.40

IR spectrum Hbnacac

Figure 3.41

DRIFTS spectrum of modified Cab-O-Sil

(linker/ Hacac)
The next step of attachment of copper ions to the modified silica surfaces
(linker/Hacac) (Equation 3.26) was done as discussed previously for other modified silica
systems. Copper acetate was used as the copper source and the acetate ions were
95

expected to deprotonate the diketones to coordinate the Cu2+ to the diketone system.
Finally the modified silica surfaces (linker/acac/Cu2+) were analyzed using TGA,
DRIFTS, and AAS.
The calculation of volatile components for modified silica surface
(linker/acac/Cu2+) gives 13.1% based on the linker loading. The mass loss in the TGA
curve is 10.2% due to the decomposition or vaporization of volatile components.
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The DRIFTS spectrum of modified silica surfaces (linker/acac/Cu2+ ) illustrates
characteristic broad peaks centered around 1402 cm-1 and 996 cm-1 (Figure 3.42).
Significant change from the earlier step is the loss of carbonyl stretching frequency at
1704 cm-1, which specifies the coordination of copper ions to the diketone system. The
1402 cm-1 peak is an indication of C-O bond of the copper complex of diketone present
on the silica surface. The counter ion here is assumed to be acetate ions, and copper
acetate IR spectrum gives a very strong IR peak at 1414 cm-1. Comparing the DRIFTS
spectrum with the IR spectrum of the bis(3-benzyl-2,4-pentanedionato)copper(II)
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complex, the IR spectrum gives strong peaks at 1564 cm-1 and 1440 cm-1. It is not clear
whether 1564 cm-1 stretching frequency is for C-O or C=C or an overlap of both.

Figure 3.42

DRIFTS spectrum of modified Cab-O-Sil

(linker/ acac/Cu2+)

Figure 3.43

IR spectrum of Bis(3-benzyl-2,4-pentanedionato) copper(II) complex
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Figure 3.44

TGA thermogram for modified Cab-O-Sil

(linker/acac/Cu2+)
The UV-vis studies were done as previously with H2daa and H2dba modified
silica surfaces to determine the copper percentage coordinated to the silica surfaces. By
determining the copper concentrations before and after stirring with modified silica
surfaces (linker/Hacac) using the neocuproine method it was determined that 1.67% of
copper is coordinated to modified silica surfaces (Figure 3.45). The silica surfaces were
also analyzed using AAS for the copper amount. Silica samples were digested using a
HNO3 and H2SO4 solution before analyzing with AAS. AAS studies give 1.1% of copper
attachment on the silica surfaces (based on the copper concentration of the digested
solution). Similar to the above two surface modified silica surface systems (with H2daa
and H2dba) discussed, the AAS results give a lower copper percentage than the value
from UV-vis studies.
The EPR spectrum of modified silica (linker/acac/Cu2+) gives a broad peak
pattern with g┴ = 2.08 and g║ = 2.29 as shown in Figure 3.46. The hyperfine splitting of
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copper is not observed due to the broadening of peaks. This is caused by the interaction
of copper complexes in the medium. A similar EPR spectral peak pattern with g┴ = 2.08
and g║ = 2.33 was observed for the copper(II) complex of 3-cinnamalideneacetylacetone,
where copper is coordinated to acac group and acetate ions as counter ions.113

Figure 3.45

UV-vis spectrum of copper (I) neocuproine complex before (a) and after
(b) stirring with modified silica

(linker/Hacac)
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Figure 3.46

X band EPR spectrum of modified silica (linker/acac/Cu2+) at room
temperature

(g┴ = 2.08)
3.9

3,5-Di-tert-butylcatechol oxidation
After preparation and characterization of the modified silica surfaces

(linker/triketone/Cu2+), the next step was to evaluate the catalytic activity for oxidation
reactions. Oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC) to 3,5-di-tert-butylquinone
(3,5-DTBQ) is used as a model reaction to study the activity of the catalysts prepared
(Equation 3.26).1, 51, 58, 114-121 3,5-DTBC undergoes oxidation in the presence of oxygen
and many metals have been used as catalysts as discussed in the introduction. The low
reduction potential of 3,5-DTBQ makes 3,5-DTBC relatively easy to oxidize. The bulky
substituents minimize further oxidation past the quinone such as oxidative ring opening.1,
51, 117, 122

3,5-DTBC has an absorbance peak at 280 nm in methanol and 3,5-DTBQ has

one at 400 nm.1, 11, 51 The 400 nm peak can be used to monitor the concentration of the
product (3,5-DTBQ) during the reaction. The 3,5-DTBC oxidation reaction was
performed under air by stirring in methanol with 10% silica-supported catalyst with
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Cu2(daa). The UV-vis spectra as the reaction proceeds are shown in Figure 3.47. The
oxidation reaction of 3,5-DTBC used an initial 9.0 × 10-3 M concentration of 3,5-DTBC.
At the start of the reaction no absorbance was observed at 400 nm, but with time it
appeared indicative of the oxidation of 3,5-DTBC to 3,5-DTBQ.
OH

O
OH
+ 1/2 O2

Catalyst
Methanol

+ H2O

3,5-DTBQ

3,5-DTBC

Figure 3.47

O

UV-vis spectra of the 3,5-DTBC oxidation reaction with
silica/linker/daa/Cu2+ catalyst in methanol under air with stirring
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(3.26)

The concentration of 3,5-DTBQ during the 3,5-DTBC oxidation reaction in the
presence of the Cu2(daa) catalyst attached to silica was plotted versus time. This is shown
in Figure 3.48. These results indicate that the oxidation of 3,5-DTBC is complete at about
3920 min. 8% of the control reaction (without the catalyst) occurred at this point based on
the 3,5-DTBQ concentration. This suggests clearly the Cu2(daa) supported on silica
surface catalyzes the oxidation of 3,5-DTBC.
3.9.1

Oxidation of 3,5-DTBC with Cu2(dba) attached silica surfaces
The oxidation of 3,5-DTBC to 3,5-DTBQ was also performed using Cu2(dba)

attached to silica. The oxidation reaction was carried out using the same conditions as
with the Cu2(daa) attached silica catalysts. By monitoring the formation of 3,5-DTBQ
using UV-vis absorbance, it was observed that the Cu2(dba) attached silica catalysts
performed the oxidation reaction more effectively than the Cu2(daa) attached silica. The
reaction was completed after approximately 2950 min. The concentration of 3,5-DTBQ
versus time during the oxidation of 3,5-DTBC is presented in Figure 3.49.
3.9.2

Oxidation of 3,5-DTBC with Cu(acac) attached silica surface
The oxidation of 3,5-DTBC to 3,5-DTBQ was also performed using Cu(acac)

attached silica surfaces to determine the difference of the catalyst activity between
binuclear and mononuclear copper complexes. The reactions were performed the same
way as discussed in the previous sections. The concentration of 3,5-DTBQ was plotted
versus time as shown in Figures 3.50. The reaction was completed in approximately 3290
minutes.
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3.9.3

Oxidation of 3,5-DTBC with Cu2(dba) attached silica surfaces under
oxygen.
The oxidation of 3,5-DTBC was also carried under O2 in presence of

silica/linker/dba/Cu2+ catalyst. The reaction was complete in approximately 1090
minutes, which is much faster than under air. The concentration of 3,5-DTBC and 3,5DTBQ was plotted against time as shown in Figure 3.51.
3.10 Kinetics of 3,5-DTBC oxidation reaction using copper complexes
The ability to potentially mediate the oxidation of 3,5-DTBC was also studied
using Cu(acac)2, Cu2(daa)2, and Cu2(dba)2 complexes as catalysts to compare the rates of
the reactions with the silica supported catalysts. It was determined that only Cu(acac)2
was soluble in methanol, which makes it a homogenous catalyst. Both Cu2(daa)2 and
Cu2(dba)2 are slightly soluble in methanol. Therefore, it is possible Cu2(daa)2 and
Cu2(dba)2 mainly acted as heterogeneous catalysts in methanol medium. The oxidation
of 3,5-DTBC with Cu(acac)2 complex under ambient conditions was completed in 2880
minutes, which is faster than in silica/linker/acac/Cu2+ catalyst (3290 min). This could be
due to different mechanisms operating in the two systems. The reaction did not work well
with the Cu2(daa)2 and Cu2(dba)2 complexes as only 13.8% and 17.8% of the reaction
occurred (based on the 3,5-DTBQ concentration), respectively, after 2880 minutes (48 h).
Comparing the catalytic activity of the bimetallic complexes with the silica supported
bimetallic catalysts suggest the catalytic activity is much higher in silica supported
bimetallic catalysts.
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3.11 Kinetics of 3,5-DTBC oxidation reaction using the prepared catalysts
After performing the oxidation reaction with the above mentioned catalysts, the
kinetics of the reaction was studied. The rate expression for the oxidation can be
expressed as follows.123
Rate of the reaction = -k′ [DTBC]x[O2]y

(3.27)

Since oxygen concentration is constant, the rate of the reaction = -k [DTBC]x (3.28)
By plotting ln[DTBC] vs time for each catalyst system, a straight line was
observed. This suggests the reaction is first order with respect to DTBC.123, 124 Also, by
plotting these equations, a observed rate constant (k) can be obtained. The rate constants
for oxidation of 3,5-DTBC each catalyst system is given below:
Table 3.7

Rate constants for 3,5-DTBC oxidation of each catalyst system

Catalyst system
Silica/linker/daa/Cu2+
Silica/linker/dba/Cu2+
Silica/linker/acac/Cu2+
Silica/linker/dba/Cu2+ (under O2)

Rate constant
4.6 × 10 min-1
7.6 × 10-4 min-1
5.6 × 10-4 min-1
1.8 × 10-3 min-1
-4
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Figure 3.48

ln (DTBC)t versus time, inset-concentration of DTBQ versus time

(with silica/linker/daa/Cu2+ catalyst stirring in methanol under air),

Figure 3.49

ln (DTBC)t versus time, inset-concentration of DTBQ versus time

(with silica/linker/dba/Cu2+ catalyst stirring in methanol under air)
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Figure 3.50

ln (DTBC)t versus time, inset-concentration of DTBQ versus time

(with silica/linker/acac/Cu2+ catalyst stirring in methanol under air)

Figure 3.51

ln (DTBC)t versus time, inset-concentration of DTBQ versus time

(with silica/linker/dba/Cu2+ catalyst stirring in methanol under air under oxygen)
The calculated rate constants for each catalyst system show similar rate constants
for the bimetallic systems and the monometallic catalyst system. For example, the rate
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constant of the oxidation of 3,5-DTBC with silica/linker/daa/Cu2+ (bimetallic) catalyst is
4.6 × 10-4 min-1 and silica/linker/acac/Cu2+ (monometallic) is 5.6 × 10-4 min-1. The rate
constant for the 3,5-DTBC with silica/linker/dba/Cu2+ catalyst under O2 gives
approximately 2 times higher rate constant than under air. The rate of the oxidation
reaction under oxygen is lower than expected (around 5 times is expected due to the O2
percentage in air). This could be a result of O2 not involving in the rate determining step
of the 3,5-DTBC oxidation reaction.
3.12 Reusability of the copper catalysts attached on silica surfaces
The reusability of the silica supported catalysts was examined with four cycles of
the 3,5-DTBC oxidation reaction. It is expected that after performing the oxidation
reactions, the catalysts must be capable of being re oxidized to its original state.
Therefore, these catalysts are expected to be reusable. The concentration of 3,5-DTBQ
was measured after 1440 minutes (24 h) for oxidation of 3,5-DTBC with each catalyst for
four cycles. Based on the concentration of 3,5-DTBQ, the conversion was calculated for
each catalyst (Table 3.8). These results show the catalysts can be reused effectively,
although the efficiency of the catalysts decreases with each cycle. The rate of the reaction
drops significantly after the 2nd cycle for the silica/linker/acac/Cu2+ catalytic system, but
the rate of the reaction with the two bimetallic systems (silica/linker/daa/Cu2+ and
silica/linker/dba/Cu2+) was better than the monometallic system after 2 cycles. The
conversions after 24 hours for the 4th cycle were 13%, 23% and 37% for silica supported
Cu(acac), Cu2(daa) and Cu2(dba) catalyst systems under air.
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Table 3.8

Conversions for 3,5-DTBC oxidation reaction after 24 hours (based on 3,5DTBQ concentration) with each catalyst.
1 cycle

2 cycles

3 cycles

4 cycles

silica/linker/acac/Cu2+ 28%

25%

16%

13%

silica/linker/daa/Cu2+ 38%

39%

34%

23%

silica/linker/dba/Cu2+ 51%

42%

38%

37%

3.13 Products of the oxidation of 3,5-di-tert-butylcatechol
The products from the oxidation of 3,5-DTBC with the catalysts were further
characterized by GC-MS to determine whether any byproducts from ring opening such as
muconic acid or muconic acid ester were formed. The GC-MS results shows 3,5-DTBQ
as the only product and no byproducts were detected. These results suggest that no ring
cleavage of 3,5-DTBQ is occurring due to further oxidation. To compare with other
results found in the literature, Henry and his group reported the ring opening products of
3,5-DTBC oxidation in the presence of bimetallic copper(II) catalysts to give muconic
acid esters.53 However some other groups report 3,5-DTBQ as the only product from 3,5DTBC oxidation with bimetallic catalyst systems.11, 51, 125
A comparison of these results with those for other bimetallic catalyst systems will
give an indication about the relative catalytic activity of the new catalysts. For example,
the copper(II) bimetallic catalyst system supported on a polymer reported in 1997 gives a
second order rate constant of 3.6 × 10-3 M-1s-1 in oxygen for 3,5-DTBC oxidation.21 A
rate constant of similar magnitude was obtained in this dissertation work for
silica/linker/dba/Cu2+ under oxygen. Also, Louloudi and his group reports a similar
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bimetallic copper catalyst systems supported on silica in 1997 as discussed in the
introduction.11 These catalyst systems oxidized 3,5-DTBC with conversion of 74%
(based on the DTBQ concentration) in air after 48 h in the presence of triethylamine as a
base. By comparison, about 90% of the 3,5-DTBC oxidation was completed in the
bimetallic catalyst systems discussed in this work without a base after 48 h. Most of the
other copper bimetallic catalyst systems developed are homogeneous catalyst systems.
Therefore a direct comparison of the kinetics of 3,5-DTBC oxidation cannot be done with
the work discussed here.
Based on the experimental results of this dissertation work and other group’s
work published, a catalytic cycle is proposed for oxidation of 3,5-DTBC to 3,5-DTBQ
with the bimetallic catalysts prepared (Figure 3.52) . The catalytic cycle can be described
as formation of 3,5-DTBC complex with the bimetallic catalyst, reduction of Cu(II) to
Cu(I) (oxidation of 3,5-DTBC to 3,5-DTBQ), and finally the 3,5-DTBQ dissociates from
the bimetallic catalyst with O2 reoxidizing Cu(I) to Cu(II). It is not clear whether the 3,5DTBQ dissociates from the catalyst before or after the Cu(I) is oxidized to Cu(II).
However, there are other possible intermediates that could be formed during the catalytic
cycle. Since no investigations were done on the mechanism of this catalytic reaction,
more detailed description of the mechanism cannot be provided.
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Figure 3.52

Proposed catalytic cycle for oxidation of 3,5-DTBC with the bimetallic
catalysts.

3.14 Benzyl alcohol oxidation
An important oxidation reaction is the conversion of benzyl alcohol into
benzalehyde, while preventing overoxidation of this aldehyde to the corresponding
carboxylic acid (Equation 3.29).59 This oxidation reaction is another reaction used to
determine the effectiveness of oxidation catalysts. The catalytic oxidation of benzyl
alcohol into benzaldehyde was attempted using the silica/linker/dba/Cu2+ catalyst.
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H

HO
+ 1/2 O2

Catalyst, 400C
Cs2CO3, toluene

O
+

H2O

(3.29)
The oxidation of benzyl alcohol was performed with 0.10 mL (9.6 × 10-4 mol) of
benzyl alcohol, 10 % catalyst in 5.00 mL toluene and 9.6 × 10-4 mol of Cs2CO3 used as
base. The reaction temperature was maintained at 40°C. The reaction was performed both
under air and oxygen and was monitored by GC-MS. Aliquots of the reaction mixture
were withdrawn and analyzed to determine benzaldehyde concentration. Overoxidation
of benzyl alcohol into benzoic acid was not observed under the conditions used. The
concentration of benzaldehyde was plotted against time as shown in Figures 3.53. 74 %
conversion was observed at around 600 minutes and the rate of the reaction dropped
significantly after that. The reason for the reaction not going past 74% conversion may be
due to catalyst poisoning. The reaction was performed under air and was slow with only
about 26% conversion after 600 minutes.
The rate of the reaction can be expressed as rate = k [benzyl alcohol]x, where k is
the rate constant and x is the order with respect to benzyl alcohol. The plot of 1/[benzyl
alcohol] vs time was found to be a straight line, which suggest the reaction could be 2nd
order with respect to benzyl alcohol. However the effect of the base (Cs2CO3) on the
benzyl alcohol reaction was not studied. The rate constant for the reaction was found to
be 2.1 × 10-2 M-1 min-1 from the plot of 1/[benzyl alcohol] vs time (Figure 3.53) .
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Figure 3.53

Plot of 1/[benzyl alcohol] vs time for oxidation of benzyl alcohol

(with silica/linker/dba/Cu2+ catalyst stirring in toluene under oxygen)
The oxidation of benzyl alcohol was attempted with a dinuclear copper (II)
complex by Streigler in 2006 as discussed in the Introduction.59 This reaction was
performed with TEMPO as cocatalyst and NaOH as base. The same reaction conditions
were used for the benzyl alcohol oxidation with the catalysts prepared in this dissertation
work. Unfortunately the benzyl alcohol oxidation did not work under the conditions used
by Streigler. In 2010, Zhang and his group reported the oxidation of benzyl alcohol using
different copper(II) complexes and salts as catalysts.68 This group learned that using
Cs2CO3 as a base in toluene gives better yields (compared to other bases and solvents)
when performing the benzyl alcohol oxidation reaction. Similarly, it was found that
similar reaction conditions for benzyl alcohol oxidations was successful with the catalyst
(silica/linker/dba/Cu2+) prepared in this dissertation work.
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CHAPTER IV
CONCLUSIONS

The main objective of this research was to develop a novel bimetallic
heterogeneous catalyst system which has metals in a reactive distance for oxidation
reactions under aerobic conditions. Bimetallic complexes when supported on a silica
surface can be used as a heterogeneous catalyst and this was the approach used in this
dissertation work. Silica was modified with a linker followed by the attachment of
ligands which could coordinate two metals. Also, these catalysts are expected to have a
vacant coordination site which could increase the catalytic activity of these catalysts.
Cab-O-Sil was chosen as the silica source to support the bimetallic complexes. The
effectiveness of the supported catalysts were evaluated using 3,5-DTBC oxidation and
benzyl alcohol oxidation reactions.
The Cab-O-Sil surface was successfully modified with pchloromethylphenyltrimethoxy silane linker. Conditions for attaching the triketones to
this linker were determined by studying the benzylation of H2daa and H2dba. Benzylation
reactions of H2daa and H2dba were successful using n-TBAF as base in THF-H2O
solution. For H2dba, both mono and bis benzylated products were obtained. Both H2daa
and H2dba gave mono benzylated product in monoenol form but the bis benzylated
product of H2dba was observed in the keto form. Copper complexes of the benzylated
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triketonates were synthesized by allowing the benzylated triketones to react with copper
acetate in methanol-H2O solution.
The same reaction conditions for benzylation reactions were used to attach
triketones to the modified silica surfaces with the linker. The final step of the catalyst
preparation was to coordinate copper(II) ions to the triketones attached to the silica
surfaces.
The oxidation of 3,5-DTBC was used as the model reaction to study the catalytic
activity of the monometallic and bimetallic catalyst systems. These reactions were carried
out in methanol under air and oxygen with 10% catalyst loading. The 3,5-DTBC reaction
was also carried out with the bimetallic and monometallic complexes as homogenous
catalysts. The silica supported catalysts and the homogenous Cu(acac)2 complex
catalyzed the 3,5-DTBC oxidation efficiently. The reaction with Cu2(daa)2 and Cu2(dba)2
complexes were slow compared with other catalysts. The rate constants for monometallic
and bimetallic copper complexes supported on silica were about 10-4 min-1 under air. The
same reaction performed under oxygen gave a 2 times faster rate constant for the
silica/linker/dba/Cu2+ catalyst. The reusability of the catalysts were also tested up to 4
cycles and all the silica supported catalyst systems were catalytically active up to 4 cycles
tested although there was a decrease in activity after each cycle. Catalyzed oxidation of
3,5-DTBC reaction for the catalysts gave only 3,5-DTBQ as the product and no
overoxidation was observed to give ring cleavage products.
The oxidation of benzyl alcohol was also performed with the catalysts. The silica
modified catalyst system (silica/linker/dba/Cu2+) effectively catalyzed the benzyl alcohol
oxidation reaction. The reaction was almost complete after 600 minutes with 74%
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conversion under oxygen. The reason of the reaction not being completed could be due to
some kind of catalytic poisoning. Also, the catalysts could not be reused for benzylation
reactions for the same reason. The analysis of the products of the oxidation of benzyl
alcohol shows benzaldehyde as the only product and no overoxidation to benzoic acid
was detected.
In conclusion during this work bimetallic and monometallic copper catalysts
supported on a silica surface were prepared and characterized. These bimetallic catalysts
showed they were able to catalyze 3,5-DTBC and benzyl alcohol oxidation under
aerobic conditions effectively. Therefore the developed catalytic system can effectively
catalyze oxidation reactions with oxygen as the oxidant. The catalytic studies also
demonstrate that the supported bimetallic catalysts are better catalysts than the bimetallic
complexes (without support) studied. The catalytic activity of the supported bimetallic
catalysts may have had catalyst poisoning during benzyl alcohol oxidation. Also a
method was successfully developed to perform benzylation reactions of H2daa and H2dba
compounds. New dicopper complexes of these benzylated ligands were also prepared and
characterized during this work.
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Table A.1
Atoms
O(1)-C(1)
O(1)-H(1)
C(1)-C(7)
C(1)-C(2)
C(1)-C(6)
O(2)-C(3)
C(2)-C(3)
C(2)-H(2A)
C(2)-H(2B)
O(3)-C(5)
O(3)-H(3)
C(3)-C(4)
C(4)-C(5)
C(4)-C(8)
C(5)-C(6)
C(6)-H(6A)
C(6)-H(6B)

Bond lengths [Å] for 2,6-diacetyl-5-(2-propanone)-3-methylphenol.
Lengths
1.4550(16)
0.8400
1.5199(19)
1.524(2)
1.5297(19)
1.2441(18)
1.512(2)
0.9900
0.9900
1.3418(17)
0.8400
1.445(2)
1.357(2)
1.5076(19)
1.498(2)
0.9900
0.9900

Atoms
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-C(9)
C(8)-H(8A)
C(8)-H(8B)
C(9)-C(10)
C(9)-C(14)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-H(14)

124

Lengths
0.9800
0.9800
0.9800
1.522(2)
0.9900
0.9900
1.393(2)
1.395(2)
1.387(2)
0.9500
1.386(2)
0.9500
1.385(2)
0.9500
1.385(2)
0.9500
0.9500

Table A.2

Bond angles [°] for 2,6-diacetyl-5-(2-propanone)-3-methylphenol.

Atoms
C(1)-O(1)-H(1)
O(1)-C(1)-C(7)
O(1)-C(1)-C(2)
C(7)-C(1)-C(2)
O(1)-C(1)-C(6)
C(7)-C(1)-C(6)
C(2)-C(1)-C(6)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2B)
C(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(5)-O(3)-H(3)
O(2)-C(3)-C(4)
O(2)-C(3)-C(2)
C(4)-C(3)-C(2)
C(5)-C(4)-C(3)
C(5)-C(4)-C(8)
C(3)-C(4)-C(8)
O(3)-C(5)-C(4)
O(3)-C(5)-C(6)
C(4)-C(5)-C(6)
C(5)-C(6)-C(1)
C(5)-C(6)-H(6A)
C(1)-C(6)-H(6A)
C(5)-C(6)-H(6B)
C(1)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(1)-C(7)-H(7A)

Angles
109.5
109.60(11)
105.31(11)
112.67(12)
109.59(11)
111.06(12)
108.42(11)
113.33(12)
108.9
108.9
108.9
108.9
107.7
109.5
120.49(12)
120.13(12)
119.37(12)
119.07(12)
123.05(14)
117.74(13)
119.08(13)
117.30(12)
123.62(13)
112.80(12)
109.0
109.0
109.0
109.0
107.8
109.5

Atoms
C(1)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(1)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(4)-C(8)-C(9)
C(4)-C(8)-H(8A)
C(9)-C(8)-H(8A)
C(4)-C(8)-H(8B)
C(9)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(10)-C(9)-C(14)
C(10)-C(9)-C(8)
C(14)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11)
C(10)-C(11)-H(11)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13)
C(14)-C(13)-H(13)
C(13)-C(14)-C(9)
C(13)-C(14)-H(14)
C(9)-C(14)-H(14)
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Angles
109.5
109.5
109.5
109.5
109.5
114.42(12)
108.7
108.7
108.7
108.7
107.6
117.84(14)
121.42(13)
120.73(13)
121.18(15)
119.4
119.4
120.31(16)
119.8
119.8
119.10(15)
120.4
120.4
120.53(14)
119.7
119.7
121.03(14)
119.5
119.5

Table A.3

Bond lengths [Å] for 2,6-dimethyl-4-pyranone

Atoms
O(1)-C(1)
O(1)-C(5)
C(1)-C(2)
C(1)-C(6)
O(2)-C(3)
C(2)-C(3)
C(2)-H(2)
C(3)-C(4)
C(4)-C(5)

Table A.4

Lengths
1.3658(18)
1.3696(18)
1.341(2)
1.489(2)
1.2415(19)
1.453(2)
0.9500
1.451(2)
1.343(2)

Atoms
C(4)-H(4)
C(5)-C(7)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)

Lengths
0.9500
1.489(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

Bond angles [°] for 2,6-dimethyl-4-pyranone

Atoms
C(1)-O(1)-C(5)
C(2)-C(1)-O(1)
C(2)-C(1)-C(6)
O(1)-C(1)-C(6)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
O(2)-C(3)-C(4)
O(2)-C(3)-C(2)
C(4)-C(3)-C(2)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-O(1)

Angles
119.08(13)
122.33(13)
126.30(15)
111.35(13)
121.08(14)
119.5
119.5
122.77(14)
123.10(15)
114.13(14)
121.34(14)
119.3
119.3
121.97(15)

Atoms
C(4)-C(5)-C(7)
O(1)-C(5)-C(7)
C(1)-C(6)-H(6A)
C(1)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(1)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(5)-C(7)-H(7A)
C(5)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(5)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
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Angles
126.88(14)
111.15(13)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

Table A.5
Atoms
O(1)-C(1)
O(1)-H(1)
C(1)-C(2)
C(1)-C(6)
O(2)-C(7)
C(2)-C(3)
C(2)-C(7)
O(3)-C(10)
C(3)-C(4)
C(3)-C(9)
O(4)-C(13)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-C(12)
C(6)-C(13)
C(7)-C(8)

Bond lengths [Å] for product of the reaction of 2,4,6-heptanetrione with
benzyl chloride and K2CO3
Lengths
1.3462(17)
0.94(2)
1.4058(19)
1.428(2)
1.2208(17)
1.3976(19)
1.5066(19)
1.2151(18)
1.3937(19)
1.5058(19)
1.2395(19)
1.386(2)
0.9500
1.420(2)
1.512(2)
1.485(2)
1.4981(19)

Atoms
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)
C(9)-C(10)
C(9)-H(9A)
C(9)-H(9B)
C(10)-C(11)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-C(14)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
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Lengths
0.9800
0.9800
0.9800
1.512(2)
0.9900
0.9900
1.505(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.495(2)
0.9800
0.9800
0.9800

Table A.6

Bond angles [°] for product of the reaction of 2,4,6-heptanetrione with
benzyl chloride and K2CO3

Atoms
C(1)-O(1)-H(1)
O(1)-C(1)-C(2)
O(1)-C(1)-C(6)
C(2)-C(1)-C(6)
C(3)-C(2)-C(1)
C(3)-C(2)-C(7)
C(1)-C(2)-C(7)
C(4)-C(3)-C(2)
C(4)-C(3)-C(9)
C(2)-C(3)-C(9)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-C(12)
C(6)-C(5)-C(12)
C(5)-C(6)-C(1)
C(5)-C(6)-C(13)
C(1)-C(6)-C(13)
O(2)-C(7)-C(8)
O(2)-C(7)-C(2)
C(8)-C(7)-C(2)
C(7)-C(8)-H(8A)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(7)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(3)-C(9)-C(10)

Angles
103.3(14)
115.99(13)
121.58(13)
122.41(13)
118.79(13)
120.51(12)
120.70(12)
118.88(13)
118.04(12)
123.04(13)
123.60(13)
118.2
118.2
118.85(13)
115.79(13)
125.36(13)
117.44(13)
125.30(13)
117.25(13)
120.20(13)
119.09(12)
120.70(12)
109.5
109.5
109.5
109.5
109.5
109.5
115.28(12)

Atoms
C(3)-C(9)-H(9A)
C(10)-C(9)-H(9A)
C(3)-C(9)-H(9B)
C(10)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
O(3)-C(10)-C(11)
O(3)-C(10)-C(9)
C(11)-C(10)-C(9)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(10)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(5)-C(12)-H(12A)
C(5)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(5)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
O(4)-C(13)-C(6)
O(4)-C(13)-C(14)
C(6)-C(13)-C(14)
C(13)-C(14)-H(14A)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(13)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
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Angles
108.5
108.5
108.5
108.5
107.5
122.15(14)
123.00(13)
114.84(13)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
119.73(14)
115.87(14)
124.39(14)
109.5
109.5
109.5
109.5
109.5
109.5

Table A.7
Atoms
O(1)-C(1)
O(1)-H(1)
C(1)-C(2)
C(1)-C(9)
O(2)-C(11)
C(2)-C(3)
C(2)-C(11)
O(3)-C(8)
O(3)-H(3)
C(3)-C(4)
C(3)-C(13)
C(4)-C(10)
C(4)-H(4)
C(5)-C(6)
C(5)-C(10)
C(5)-H(5)

Bond Lengths [Å] for 2-acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene
Lengths
1.3345(12)
0.8400
1.4197(15)
1.4303(15)
1.2594(13)
1.4490(14)
1.4613(14)
1.3583(13)
0.8400
1.3667(15)
1.5112(14)
1.4237(15)
0.9500
1.3810(16)
1.4121(15)
0.9500

Atoms
C(6)-C(7)
C(6)-C(14)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(9)-C(10)
C(11)-C(12)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
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Lengths
1.4095(15)
1.5086(15)
1.3819(16)
0.9500
1.4311(15)
1.4181(14)
1.5031(15)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

Table A.8

Bond angles [°] for 2-acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene

Atoms
C(1)-O(1)-H(1)
O(1)-C(1)-C(2)
O(1)-C(1)-C(9)
C(2)-C(1)-C(9)
C(1)-C(2)-C(3)
C(1)-C(2)-C(11)
C(3)-C(2)-C(11)
C(8)-O(3)-H(3)
C(4)-C(3)-C(2)
C(4)-C(3)-C(13)
C(2)-C(3)-C(13)
C(3)-C(4)-C(10)
C(3)-C(4)-H(4)
C(10)-C(4)-H(4)
C(6)-C(5)-C(10)
C(6)-C(5)-H(5)
C(10)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-C(14)
C(7)-C(6)-C(14)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
O(3)-C(8)-C(7)
O(3)-C(8)-C(9)
C(7)-C(8)-C(9)
C(10)-C(9)-C(1)

Angles
109.5
121.14(10)
116.74(9)
122.11(10)
118.20(9)
116.30(9)
125.50(9)
109.5
119.06(9)
116.55(9)
124.38(9)
123.41(10)
118.3
118.3
120.96(10)
119.5
119.5
119.18(10)
120.56(10)
120.25(10)
121.52(10)
119.2
119.2
117.06(10)
123.01(10)
119.93(10)
118.19(10)

Atoms
C(10)-C(9)-C(8)
C(1)-C(9)-C(8)
C(5)-C(10)-C(9)
C(5)-C(10)-C(4)
C(9)-C(10)-C(4)
O(2)-C(11)-C(2)
O(2)-C(11)-C(12)
C(2)-C(11)-C(12)
C(11)-C(12)-H(12A)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(11)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(3)-C(13)-H(13A)
C(3)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(3)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
C(6)-C(14)-H(14A)
C(6)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(6)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
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Angles
118.36(10)
123.44(10)
120.04(10)
120.94(10)
119.01(10)
120.35(10)
114.83(9)
124.82(10)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

